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X-ray synchrotron radiation is a very powerful tool for basic science and industry 
research as its shorter wavelength can result in a higher spatial resolution, longer focal 
length and larger penetration depth in matter. In practical applications, the fan-like x-ray 
photon beam emitted from a storage ring of synchrotron source needs to be firstly 
collected and focused or collimated before directing onto samples to achieve high spatial 
resolution and high photon throughput. X-ray optical elements to gather and effectively 
transport large percentage or all of the radiation to the sample is highly desired. 
 
Micro optics with high acceptance angles to collect and focus x-rays with higher flux 
throughput has been attracting great interest due to its advantages such as flexible optical 
configuration, minimal structure size, and cost efficiency in fabrication. The development 
of a multi-mirror system intended to be based on advanced microfabrication technologies 
to effectively focus x-rays in synchrotron radiation beamlines has great potential. This 
multi-mirror system should be able to intercept all radiated x-rays from a synchrotron 
source and focus them with high flux throughput. 
 
This dissertation presents the design concept of a novel multi-mirror focusing scheme to 
condense synchrotron radiation beam. The design of the x-ray focusing optic is based on 
advanced microfabrication techniques and studying the distribution of synchrotron 






The distribution of synchrotron radiations was studied through the phase space method. 
Based on this study, a mathematical model has been built to quantitatively represent a 
synchrotron radiation source with taking into account all three main factors that have 
effects on synchrotron emission. This model not only creates a method to represent a 
synchrotron radiation source more rigorously, but also provides the data being necessary 
for design and optimization of x-ray optics used in synchrotron beamline.  
 
A multi-mirror array was developed to condense the x-ray beam emitted from 
synchrotron radiation source. Different from the conventional beam condensers used in 
existing synchrotron beamline, this x-ray focusing device consists of a group of small 
mirrors. These small mirrors split a wide x-ray beam into many small beamlets, and each 
mirror captures and reflects a small beamlet of the x-rays. The whole beam is intercepted 
and focused to a common focus portion by portion. The position, inclination and 
curvature of each individual mirror in such a focusing device are determined by using the 
design procedure and functions developed in this thesis. All mirrors work in the principle 
of x-ray total external reflection to produce a bright x-ray with high flux throughput and 
small beam size.  
 
Two types of x-ray lithography masks: graphite x-ray mask and proton beam writing 
(PBW) x-ray mask were fabricated and used to make the high-aspect-ratio SU-8 multi-
mirror structures via deep x-ray lithography (DXRL). The sidewall quality of those 
fabricated structures was characterized in terms of their surface roughness and x-ray 





to produce high-aspect-ratio structure with high lateral resolution and very smooth 
sidewall. The exploration of the direct proton beam writing technique for x-ray mask 
fabrication in this thesis offers a great potential for future applications in fabrication of 
high aspect ratio microstructures. 
 
The design concept and working principle of the developed multi-mirror focusing array 
was validated by ray tracing analysis and x-rays focusing performance in synchrotron 
beamline. The feasibility of x-ray beam focusing by a multi-mirror array was 
demonstrated by the in-situ x-ray beam focusing experiment performed with a test multi-
mirror device in EPD beamline at SSLS. The ZEMAX ray tracing results reveal that the 
focusing efficiency of the simulation multi-mirror array is about three to four times 
higher than that of the conventional beam condensation elements used in synchrotron 
beamlines. 
 
The multi-mirror focusing array developed in this dissertation provides a cost-effective 
means to produce a bright x-ray beam that substantially improves the capture of x-ray 
flux in beamline and the matching of the beam to the sample as compared with 
conventional x-ray condensing and collimating elements. It can be used for various 
industrial applications, such as trace element analysis of the perfection and purity of 
silicon wafers in semiconductor, the protein crystallography in pharmaceuticals, high 
resolution strain scanning in Al alloy for turbines in aero-engines, and manufacture of 





The underlying principle of designing and manufacturing such multi-mirror x-ray optical 
devices may be generalized to devices that enable slicing and tailoring the emittance 
contour in phase space within the limits set by the angle of total reflection and Liouville’s 
theorem. Such a capability may spur various new developments including beam 
expanders/reducers, multiple line foci, and multiple parallel beams that may be first 
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Chapter 1 Introduction 
 
1.1 Background of the project 
X-ray synchrotron radiation is electromagnetic radiation emitted by highly relativistic 
electric charges accelerated following a curved trajectory (Winick 1996; Wiedemann 
2003). It is a very powerful tool for many kinds of research in basic science and industry 
as its shorter wavelength can result in a higher spatial resolution, longer focal length and 
larger penetration depth in matter. These characteristics are very desirable in microscopy, 
imaging, tomography, elements mapping and diffraction studies of materials, as well as 
in advanced micro/nano fabrication.  
 
Figure 1.1 Emission of x-ray synchrotron radiation from a bending magnet 
 
 
In practical applications, the fan-like extremely bright x-ray photon beam, emitted from a 
storage ring of synchrotron source as shown in Figure 1.1, needs to be firstly collected 
and focused or collimated before applying on samples to achieve high spatial resolution 




and high photon throughput. This has generated a demand for developing x-ray optical 
elements to gather and effectively transport large percentage or all of the radiation to the 
sample with a consideration in the manner of focusing or collimating to preserve the 
brightness to obtain the best match to experimental requirements. Figure 1.2 gives a 
schematic layout of the typical optical geometry of a synchrotron beamline, in which the 




Figure 1.2 Typical optical layout of a synchrotron beamline 
 
 
The most commonly used optical condensers in the existing synchrotron radiation 
beamlines with sufficient quality in focusing or collimating x-rays are Kirkpatrick-Baez 
total reflection mirrors (Kirkpatrick & Baez, 1948), Montel mirrors (Montel, 1957),  
Bimorph mirrors (Steinhaus and Lipson, 1979; Forbes, 1989), and Toroidal mirrors 
(Murphy and Alastair, 1993). In Kirkpatrick-Baez mirrors system, two curved mirrors are 
arranged in a crossed configuration in series to coincide the horizontal focus line of the 
first mirror and the vertical focus line of the second mirror in the same plane. In Montel 




optics, two mirrors are set side-by-side and mutually perpendicular. Most Bimorph 
mirrors follow the Kirkpatrick-Baez optics arrangement in that x-rays are deflected by the 
bendable flat mirrors driven by actuators to achieve changeable focal length and size. A 
toroidal mirror utilizes a long doubly curved reflecting surface to focus x-rays in both 
vertical and horizontal planes simultaneously.  
 
However, as the condensing effect of all these optical elements is based on the principle 
of total external reflection, their acceptance angles for achieving high reflectivity are 
limited by the inherent nature of the mentioned optical principle. As a consequence, 
extremely long mirrors would be required in order to fully collect the big divergent fan-
like radiations. Unfortunately, the physical length of the mirrors is significantly restricted 
by practical factors such as mirror optical aberration tolerance and fabrication techniques, 
so that only a small portion of the overall radiation can be intercepted with the current 
status. The small acceptance angle of the mentioned focusing elements has been a 
stumbling block for having a high x-ray beam flux. 
 
Many efforts have been made in increasing the acceptance angle of reflective focusing 
elements to capture more radiations for enhancing x-ray beam flux. One practical 
approach is to coat the mirrors with the laterally graded multiple layers of thin films, in 
which the index of refraction alternately changed as the multilayer depth so that the weak 
reflection beyond the total external reflection range could be added constructively 
(Underwood et al., 1986). Comparing the total reflection coating, the acceptance angle of 
the multilayer mirrors is approximately five times larger. However multilayer mirror 




optics typically has a restricted energy bandpass and is suitable for narrow energy band 
experimental cases only.  
 
In recent years, with the developments of microfabrication techniques and some new 
materials available, developing micro optics with improved acceptance angle to collect 
and focus x-rays with higher flux throughput has been attracting more and more interest 
due to its great advantages such as flexible optical configuration, minimal structure size, 
and cost efficiency in fabrication. The schemes reported include, but not limited to, 
microchannel plates (Fraser et al., 1993; Peele et al., 1996; Price et al., 2002) and 
microstructured optical arrays of grazing incidence reflectors (Prewett and Michette, 
2000; Michette et al., 2003). The common character of these miniaturized optical 
focusing devices is to use a set of small reflecting structures to capture all radiations in 
portion by portion in one or two dimensions. The total acceptance angle of such optics is 
the sum of the acceptance angle of each individual reflecting surface. They are generally 
designed able to envelop the full divergence of source to produce a high flux x-ray beam.  
Although much work has been done on this kind of compact beam optical devices, the 
attempt to properly reflect all intercepted photons for high beam intensity is generally 
restricted by (1) the fact that calculating the trajectory of each individual photon in x-ray 
beam is impossible in practice; (2) those micro reflecting structures were designed with 
the assumption of all the photons coming from a point source, while the fact is that a 
synchrotron radiation source is far from being a point and the photons emitted randomly 
from all points of an extended synchrotron source; (3) figure accuracy and smoothness of 
the micro reflecting surfaces are limited by their fabricating processes, that lead to some 




undesired change in the incidence angles of incoming rays and cause the photons being 
scattered. As a consequence, the flux of x-rays focused by those micro optical devices is 
much lower than expected and the beam size is also bigger than calculated as some 
photons go astray from being reflected correctly.  
 
In order to properly direct all x-rays to a miniaturized focusing element with their grazing 
incidence angle below the critical angle for total external reflection and effectively reflect 
the incoming rays to produce a bright x-ray beam with high flux throughput and small 
size, it is necessary to develop a novel x-ray microfocusing scheme to condense the 
radiations in synchrotron beamline.  
 
1.2   Objectives of this thesis 
The aim of this thesis is to contribute to the development of a multi-mirror system based 
on advanced microfabrication technologies to effectively focus x-rays in synchrotron 
radiation beamlines. This multi-mirror system should be able to intercept all radiated x-
rays form synchrotron source and focus them with high flux throughput. 
 
The study will thereby focus on the following specific objectives: 
 
(1) To explore realistic theoretical modeling to represent x-rays emitted from a 
synchrotron radiation source.  
 




Studying the distributions of synchrotron radiations with phase space method to build a 
mathematical model for representing x-ray photon beams at synchrotron radiation 
sources, and to derive transformation equations for determining the photon distributions 
at an arbitrary location in x-ray beam transport lines. These will function as the basis for 
design of x-ray beamline optics.  
 
(2) To develop a novel x-ray multi-mirror array to focus x-rays in synchrotron radiation 
beamline.  
 
Developing the design concept and procedure of multi-mirror focusing system, and 
applying the phase space synchrotron source model built in the present thesis to 
determine the parameters of individual mirrors in mirror arrays. 
 
(3)   To explore microfabrication technologies of multi-mirror structures with lower slope 
error vertical sidewalls.  
 
To explore the potential in applying the direct proton beam writing (PBW) technique in 
fabrication of x-ray masks and the deep x-ray lithography (DXRL) technique in 
construction of high aspect ratio polymer base prototypes of multi-mirror arrays.  
 
(4) To characterize focusing performance of the developed multi-mirror arrays in x-ray 
beam condensation.  
 




Experimentally evaluate the feasibility of x-ray beam focusing with a developed multi-
mirror device in synchrotron beamline, and analyze the focusing effect of multi-mirror 
arrays by using ray tracing technique. 
 
The results of this study should provide a new optical scheme with a large acceptance 
angle to focus x-ray synchrotron radiation with a perspective on achieving higher x-ray 
flux which is compact in size and low cost in fabrication as compared with the 
conventional optics currently used in synchrotron radiation beamlines. The study of the 
photon distribution in phase space would deepen the understanding of the nature of 
synchrotron radiation, and form the theoretical foundation of x-ray beamline optics 
design with photon phase space method. The design concept of the multi-mirror system 
proposed in this thesis may help to provide guidelines in design of x-ray beam 
condensing optics. The exploration of the direct proton beam writing technique in x-ray 
mask fabrication in this thesis may offer great potential for its future applications in 
fabrication of high aspect ratio microstructures. The fabrication processes of the 
prototypes of multi-mirror arrays may also provide practical experiences for micro optics 
manufactures. 
 
1.3 Organization of this thesis 
The outline of this thesis is as follows. Chapter 1 introduces the background of x-ray 
focusing optics in synchrotron beamlines and describes the objective of this thesis. 
Chapter 2 provides a literature review of the various types of x-ray focusing optics 
mainly emphasizing on the commonly used focusing mirrors to condense emitted x-ray 




photons from synchrotron sources and micro structured x-ray optical devices with large 
acceptance angles developed to collect and focus x-ray radiations. In Chapter 3, a 
mathematical model built to quantitatively represent a synchrotron radiation source and 
the transformation equations derived to determine the distribution of x-ray photons in 
beam transport lines are presented. A brief introduction of synchrotron sources and the 
properties of their radiations, the phase space description of the distributions of the 
relativistic electrons in the storage ring and the emitted photons are also lined in this 
chapter. Chapter 4 proposes a novel x-ray multi-mirror system with large acceptance 
angle, capable of focusing a large percentage of x-ray radiations in synchrotron 
beamlines. The description of the scheme of the multi-mirror system, design 
considerations and determination of mirror parameters are presented in this chapter. 
Chapter 5 describes the fabrication techniques and processes used for constructing multi-
mirror structures, including UV lithography, deep x-ray lithography and direct proton 
beam writing techniques. Chapter 6 presents the results of experimental validation and 
ray tracing analysis about the focusing effects of developed multi-mirror arrays. In 
Chapter 7, a description on the research work in this thesis and main contributions 
towards this work are summarized, and future possibilities and applications are 
foreshadowed. 
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X-ray focusing optics are the essential elements in synchrotron radiation beamlines. They 
are primarily used for adapting the radiation beam as it comes from the source to a great 
variety of experimental requirements in terms of intensity, spot size, resolution and other 
parameters. This chapter gives an overview of various types of x-ray focusing optics with 
main emphasis on focusing techniques which rely on the principle of total external 
reflection (Appendix 1).  
 
2.2 Overview of general x-ray focusing optics  
Since the discovery of x-rays in 1895 by W. C. Roentgen, the three important findings 
dealing with the x-ray focusing were made: M. von Laue, in 1912, discovered that x-ray 
is diffracted when passing through a crystal (Laue 1921); Compton, in 1922, found that 
x-ray can be reflected from a polished surface at small grazing incidence angles 
(Compton, 1923); in 1919, Stenström first observed x-ray refraction (Compton et al., 
1954). These discoveries established the theoretical basis for the development of x-ray 
optics. 
 
Over the years, various types of optical elements have been developed in x-ray focusing 
to meet specific requirements for different applications in a diverse range of areas.   
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Table 2.1 X-ray microfocusing optics 
 













































































Feng et al., 
1993 
 
        
 
Chapter 2 Literature Review of x-ray focusing optics in synchrotron beamlines 
11 
 
According to the physical principles involved in the focusing process, the x-ray focusing 
optics fall into the three broad categories: diffractive, refractive and reflective optics. 
Table 2.1 summarizes the x-ray focusing optics available presently in use for various 
applications in synchrotron radiation field. 
 
A Fresnel zone plate (Baez, 1952) consists of a circular grating with outward radially 
decreasing period of transparent and opaque zones. The spacing is arranged in such a way 
that the first order diffracted waves all meet at the primary focus. Its focusing capability 
is based on constructive interference of the wavefront modified by relative altering 
amplitude or phase of the incident x-ray. In the soft x-ray region, the efficiency of Fresnel 
zone plate is limited to about 15% due to photoelectric absorption. In the hard x-ray 
region, it is in principle possible to achieve efficiency close to 40% with a phase zone 
plate (Baez, 1961; Aristov et al, 1987; Fabrizio et al, 1999; Kagoshima et al., 2003; Chao 
et al, 2005; Snigireva and Snigirev, 2006).  
 
Bragg-Fresnel lens (Aristov et al., 1986) combines a linear Fresnel zone plate and a 
single crystal or a multilayer together and works in the principle of Bragg-Fresnel 
diffraction. This construction combines the advantage of high resolution of Fresnel optics 
with the stability of crystal or multilayer mirrors and can focus hard x-rays into sub-
micron to nanometer (Aristov et al., 1988 and 2000; Erko, 1990; Kuznetsov et al, 1994; 
Erko et al., 1996; Li et al., 2003).  
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Refractive lenses (Snigirev et al., 1996) generally consist of many biconcave lenses 
assembled in series forming a compound refractive lens to achieve a combined focusing 
effect with reasonable focal lengths. The best available resolution for a refractive lens can 
be reached to 50 nm (Schroer and Lengeler, 2005; Schroer et al., 2005). The biconcave 
lenses have their geometrical profiles in cylindrical (Snigirev et al., 1996), spherical 
(Snigirev et al., 1997), parabolic (Aristov et al., 1988), multi-prism (Cederstrom et al., 
2002), and several kinds of other shapes (Chang et al., 2005; Evans-Lutterodt et al., 2007;) 
to eliminate or reduce spherical aberration and absorption, as well as to enhance the 
critical angles. The advantage of these compound refractive lenses is that they are much 
more robust than zone plates, and are suitable for focusing very high energy beams. A 
major limitation of these zone plates is absorption of x-rays in the material. 
 
Ellipsoidal mirrors generally have a long single reflecting surface doubly curved in 
sagittal and meridian planes, and can directly image x-ray beam to a submicron spot with 
high efficiency in grazing incidence angles by utilizing total external reflection (Voss et 
al. 1992; Bloomer and Arndt, 1999; Mashiko et al., 2006). An ellipsoidal mirror has a 
high reflectivity in grazing incidence and no chromatic aberration, but its acceptance is 
small because the small critical angle for total reflection. Fabrication of ellipsoidal 
mirrors is quite difficult due to their big radii difference between meridian and sagitta.  
 
Kirkpatrick - Baez optics is the first two dimensional x-ray focusing system proposed by 
Paul Kirkpatrick and Albert Baez in 1948 to effectively form a real image. This optical 
system consists of two curved total reflection mirrors arranged at orthogonal in series 
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(Kirkpatrick and Baez, 1948). The first reflection forms a horizontal focus line and the 
second mirror focuses the line to a point. The configuration of the two mirrors can 
overcome the extreme astigmatism suffered from a single mirror, and also lowers the 
complicacy in mirror fabrication. In addition, the optical axis can be adjusted one at a 
time. The main limitation to Kirkpatrick-Baez total reflection mirrors is its small angular 
acceptance resulted by the small critical angle. The high reflectivity can be achieved only 
if the grazing incidence is below the critical angle for total external reflection (Hignette et 
al, 2001; Cloetens et al, 2003; Liu et al., 2005). To improve this weakness, Underwood 
and his colleagues used two multilayer mirrors to substitute the total reflection mirrors in 
Kirkpatrick-Baez geometry and achieved five times bigger acceptance than that of total 
reflection mirrors (Underwood et al., 1986; Hignette et al., 2005). The mirror bending 
techniques are also used to form elliptical mirrors by refiguring high precision flat 
mirrors for Kirkpatrick- Baez optics to dynamically focus x-rays (Susini and Labergerie, 
1995; Padmore et al, 1997; Hignette et al., 2005). X-ray beams can be focused down to 
spots below 50 nm using elliptical Kirkpatrick-Baez mirrors (Hignette et al., 2005; 
Mimura et al., 2005; Hirokatsu et al., 2006).  
 
Multilayer mirror (Underwood et al, 1986) is usually made by alternately coating higher 
and lower refractive index materials on a shaped mirror surface. With such layers 
structure, the weak x-rays reflected at the interfaces of the multilayers are superimposed 
coherently at Bragg condition (Bragg, 1913), thus higher reflectivity of x-rays beyond 
total external reflection can be achieved. (Spiller and Rosenbluth, 1986; Montcalm et al., 
1986; Salashchenko and Shamov, 1997; Verman et al., 1998; Tripp et al., 2005; Paganin, 
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2006; Morawe et al., 2006; Mimura et al., 2009). Multilayer mirrors have several 
advantages over grazing incidence optics, such as smaller aberrations, larger acceptance 
angle. A main disadvantage of multilayer focusing is the difficulty of tuning incident x-
ray energy beyond its bandpass. By using materials combination like Mo/Si, a normal 
incidence reflectivity of approximately 65% has been achieved (Montcalm et al., 2001; 
Sergiy et al. 2004). 
 
The focusing capability of capillary optics (Compton et al, 1954) relies on total external 
reflection from the internal surface of glass tube to transport x-rays from source to a 
sample. A monocapillary generally consists of a hollow glass tube pulled to a parabolic 
or elliptical shaped profile for either concentrating to increase the x-ray flux on the 
sample (Stern et al., 1988; Gibson and Kumakhov, 1992) or condensing the x-rays to a 
small spot, down to 50 nm (Bilderback et al., 1994; Suparmi et al., 2001). A polycapillary 
optic (Kumakhov, 1990) generally consists of a bundle of many thousands of parallel 
glass tubes that are tapered at one or both ends. It can inherently capture a larger angular 
incidence beam and form a small spot on a sample (Gibson and MacDonald, 1994; 
Kumakhov, 1995; Abreu and MacDonald, 1997). Capillaries can work over a wide 
energy range without changing the focal position. The drawbacks of capillaries compared 
to total reflection mirrors are that the critical angle for glass is about 2.5 times smaller 
than high Z metals, and it is impossible to polish the inner surface of capillaries (Ice, 
1997). 
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An x-ray planar waveguide is a thin film resonator in which a low absorbing and higher 
refractive index material is enclosed between two metal layers with smaller refractive 
index (Feng et al., 1993). In the waveguide geometry, a broad x-ray beam is trapped in 
the higher index film by a resonance effect and guided by total reflection to exit at the 
end of the structure with enhanced intensity. In the direction of beam guided, the beam 
leaves the waveguide with the vertical size limited by the resonator layer thickness and 
can be as small as 100 nm (Lagomarsino et al, 1996; Fonzo et al., 2000; Jark et al., 2001; 
Pfeiffer et al, 2002; Jarre et al., 2005; Dabagov and Uberall, 2007).  
 
Each kind of above mentioned x-ray focusing optics has its own features and advantages 
depending upon the application, and has its own place in x-ray focusing. Zone plates and 
Bragg-Fresnel optics are especially promising for fixed wavelength applications. They 
can be utilized to focus large divergence x-ray beam and have near ideal spatial 
resolution. Generally, crystal mirrors are used as monochromators in x-ray beamline. 
Refractive lenses are compact, robust and easy to align and to operate. They are usually 
used to focus x-ray in the energy range between 5-40 keV.  Capillaries and waveguides 
are generally used for table-top x-ray sources. In practical, polycapillaries can collect 
large solid angle of x-ray emission and focalize in spots tens or hundreds micron, while 
monocapillaries can provide the smaller spot size with the expense of flux. A single 
ellipsoidal mirror directly images wide energy region x-ray beam to a submicron spot. 
Kirkpatrick- Baez total reflection mirrors are highly desirable for applications requiring 
tunability and high efficiency. They have ability to achieve symmetric spatial resolution 
by using different magnifications for the vertical and horizontal focusing mirrors. 
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Kirkpatrick- Baez multilayer mirrors have an enhanced incident angle about four times 
higher than Kirkpatrick- Baez total reflection mirrors and can capture more incoming x-
rays and achieve higher flux.  
 
All those diffraction-based and refraction-based x-ray focusing optics have chromatic 
aberration that makes them unsuitable to be used as broad bandpass optics and makes 
them challenging to maintain a small focus while changing energy, whereas reflection-
based optics have the outstanding capability in x-ray achromatic focusing, and can work 
over a wide energy range without changing the focal position. 
 
2.3 Total external reflection mirrors in synchrotron beamlines 
As mentioned in chapter 1, the x-rays emitted from a synchrotron radiation source is a 
fan-like divergent photon beam in the plane of the storage ring (refer to Figure 1.1) and 
needs to be focused or collimated before applying onto the sample (refer to Figure 1.2). 
Thus, an optical element is required to collect the radiation and then confine it to a 
reasonable size at the sample with brightness preservation.  
 
It is noted that the emitted x-ray radiation has the specific characteristic that the vertical 
and horizontal beam angular divergences are markedly different. This requires the needed 
elements to have the capability of focusing in two orthogonal planes and the focusing 
power should be different in order to coincide the two directional focusing into a same 
position. In addition, the elements should enable to work in wider energy band as 
required in most practical application cases. 
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Two major focusing approaches have been developed for two-dimensional condensing x-
ray radiation in synchrotron beamlines. One is to utilize a doubly curved single toroidal 
mirror to reflect x-rays in two orthogonal directions simultaneously, another is to use two 
curved mirrors arranged in Kirkpatrick-Baez geometry to focus x-rays in two directions 
independently. In practice, the most commonly used optical focusing elements in existing 
synchrotron beamlines are elliptically curved reflection mirrors arranged in the 
Kirkpatrick-Baez optical geometry, including Kirkpatrick-Baez mirrors, Montel mirrors 
and adaptive bimorph mirrors. 
 
A toroidal mirror is a curved front surface mirror with two different radii in the vertical 
and horizontal planes, as illustrated in Figure 2.1. It combines sagittal and meridional 
focusing in one optical element and can focus x-ray radiations in two orthogonal planes 
simultaneously based on the principle of total external reflection at grazing incidence 
(Peatman, 1997; Hart and Berman, 1998; Heald, 2002). 
 
 
Figure 2.1 Schematic view of a toroidal focusing mirror. 
 
 
A toroidal mirror has high reflectivity at grazing incidence angle below the critical angle 
for total external reflection and works in a wide energy region free from chromatic 
Focus  
Source 
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aberration, but its aperture is limited by the small critical angle. Additionally, fabrication 
of toroidal mirrors is quite challenging due to the big difference of radii between tangent 
and sagittal directions. Generally, toroidal mirrors are used for a fixed angle of reflection 
as it is usually impractical to bend their radii dynamically.  
 
Kirkpatrick-Baez mirrors system (Kirkpatrick and Baez, 1948) is an essential optics for 
focusing x-rays to a tiny spot in synchrotron beamlines. Basic Kirkpatrick-Baez focusing 
system consists of two curved reflection mirrors in which each mirror is responsible for 
focusing in one direction, respectively. The surface of the first mirror is aligned 
horizontally to condense the big divergent x-ray radiation in the plane of the electron 
orbit, while the second mirror is aligned vertically to focus the x-rays in the plane 
perpendicular to the orbit plane as illustrated in Figure 2.2. The two mirrors are set 
orthogonally with respect each other and designed such that the horizontal focus line of 
the first mirror and the vertical focus line of the second mirror coincide in the same plane. 
Using two elliptical mirrors in Kirkpatrick-Baez arrangement enables to condense 
divergent x-rays from source and achieve a convergent beam, while using two parabolic 
mirrors can collimate the x-rays into parallel. 
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Kirkpatrick-Baez optical geometry has many advantages over the doubly curved single 
focusing mirrors. Because the horizontal and vertical focusing are carried out by separate 
mirrors in Kirkpatrick-Baez scheme, the magnification in two directions can be different. 
This permits great flexibility when dealing with the x-rays from synchrotron sources. In 
addition, the two mirror configuration avoids extreme astigmatism suffered from a single 
mirror despite it is still not free of geometric aberrations. Moreover, this configuration 
allows mirrors to be more easily shaped than a single toroidal mirror which needs to be 
curved in two directions, and can also be adjusted in one axis at a time.  However, as the 
two mirrors have different capture angles due to their positioning at different distances 
from source, and as the beam divergences are different in tangential and sagittal planes, 
Kirkpatrick-Baez geometry results in a phenomenon of anamorphosis.  
 
Montel mirror scheme, also known as Nested Kirkpatrick-Baez, actually is a modified 
Kirkpatrick-Baez optical geometry. It consists of two mirrors assembled side-by-side and 
mutually perpendicular, as shown in Figure 2.3 (Montel, 1957). In Montel optical 
arrangement the x-rays arrive at the focus in two different ways: either by first reflecting 
from one of the two mirrors and afterwards from the other one or the other way around. 
In general, the width of the mirrors is larger than the incoming beam size and the 
reflection takes place near the intersection of the two mirrors. The mirrors either have an 
elliptical shape for two dimensional focusing or a parabolic shape for two dimensional 
collimating.  




Figure 2.3 Schematic view of a Montel mirror optics 
 
 
The Montel optics scheme has important advantages compared to traditional Kirkpatrick-
Baez sequential arrangement: the focal distance of the mirrors is much shorter than that 
for the primary mirror of a comparable sequential Kirkpatrick-Baez system, which 
creates a greater geometrical demagnification of the source and reduces the effect of 
figure errors; the ability to collect larger divergences x-rays that allows for greater flux 
and lower diffraction limit; the mirrors can be easily aligned to be orthogonal and the 
system is much more compact. It also avoids the anamorphosis phenomenon (Ice et al., 
2009; Ice and Barabash et al., 2009; Honnicke et al., 2010).  
 
Adaptive x-ray focusing elements follow the Kirkpatrick-Baez geometry, nevertheless the 
surface figures of the mirrors used are developed by controlled mechanical bending of a 
flat substrate via two moments applied to the ends of the mirror. Through such method, 
the mirror substrate becomes easier to manufacture with high quality but at the expense 
of significantly more complex optomechanical implementation (Susini and Labergerie, 
1995; Padmore et al, 1997; Hignette et al., 2005; Eng et al., 1998; Howells et al., 2000). 
Generally, the dynamically figured mirrors are made on bimorph concept as illustrated in 
Figure 2.4, in which a voltage is applied to the electrodes in a bimorph mirror, it causes 
Source 
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piezoelectric or electrostrictive material layers to extend laterally, that deforms mirror 
substrate and results in local mirror curvature. Usually the bimorph mirror substrates 
bending can be remotely actuated, thus the optical surface figure can be flexibly adjusted 
to optimize the focusing conditions, such as working distance and mirror grazing angle, 
depending on the experimental requirements. For this kind of adaptive optics, mirror 
curvature, alignment and stability are quite critical issues (Steinhaus and Lipson, 1979; 
Dagel et al., 2006; Preumont, 2006; Barrett et al., 2011). 
 
      
Figure 2.4 schematic illustration of the basic principle of bimorph mirrors. 
 
 
In general, x-ray radiation in synchrotron beamlines can be focused either statically with 
the mirrors polished according to a proper figure optimized for a given incident angle and 
focus distance, or dynamically with bendable flat mirrors driven by actuators into the 
elliptic shapes required by the experiment. For all mirrors in above optical schemes, 
extremely smooth surfaces, precisely shaped figure, and careful alignment are required to 
achieve good beam condensation. In all case, the mirror substrate is finally coated with a 
thin layer of a high-atomic-number metal to increase the total external reflection critical 
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Fabrication of ultra precise mirror surfaces has been achieved to create the smallest 
doubly and singly focused beams to date (Mimura et al., 2005, 2007, 2010; Hirokatsu et 
al., 2006). Focusing systems based upon the two statically figured mirrors assembled into 
the Kirkpatrick-Baez (Yamauchi et al., 2003) or Montel (Liu et al., 2011) configuration 
have both demonstrated two-dimensional focusing of hard x-rays (15-30 keV) to 50 nm 
scale and below. For line-focusing, a statically figured mirror has demonstrated focusing 
of 20 keV x-rays to 7 nm (Mimura et al., 2010). Focusing systems based upon 
dynamically figured mirror systems with flexural hinge-type bending mechanisms 
(Zhang et al., 1998) and generic bender formats (Hignette et al., 2001) shown to be 
capable of diffraction limited line focusing to 41 nm (Hignette et al., 2007) and two-
dimensional focusing to a spot size of 76 nm x 84 nm (Barrett et al., 2011). 
 
Like any other x-ray reflective optics, however, the above x-ray focusing schemes suffer 
the main drawback that the x-ray reflection is significant only for grazing incidence 
below the critical angle for total external reflection, while the critical angle is very small 
in x-ray region. This in turn requires an extremely large size mirror to fully collect the big 
divergent fan-like x-ray radiation. For example, the synchrotron fan supplied for SINS 
beamline at SSLS (Singapore Synchrotron Light Source) has 60 mrad horizontal 
divergence. If assumed that the first mirror of the used Kirkpatrick-Baez focusing system, 
HFM in Figure 2.5, is positioned at a source distance of about 5000 mm to deflect 
horizontally at a grazing incidence angle of 3°, a mirror length of about 6000 mm would 
be required to collect the complete radiation fan (Jung and Schäfers, 2001).  
 




Figure 2.5 Schematic optical layout of the SINS beamline at SSLS 
 
 
However, long mirror length brings in bigger optical aberration, in particular coma and 
astigmatism, which lead to more broadening of the focal spot. Design of such long mirror 
with low aberrations is much challenging. In addition, large mirror physical size also 
complicates the technological problem in shaping of high precision reflecting surface and 
lowers surface smoothness along the whole mirror. Manufacturing of long mirrors with 
small slope error is extremely difficult and very expensive. Moreover, big optical element 
requires a big vacuum chamber and more complicated cooling system when it is installed 
in beamline, which is less feasible in most cases. Therefore, it is necessary that the mirror 
must be restricted into a manageable size. As a result, the acceptance of the mirror is 
HFM: Horizontally Focusing Mirror 
Shape: plane-elliptical  
Geometry dimensions (L/W/D): 
1000mm×90mm×60mm 
Material: Si,  coating with 30 nm Au 
Slope error (σ):  2.5/10 arcsag 
Roughness (σ):   0.5 nm 
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significantly limited, and only small portion of the radiation fan can be collected. In fact, 
the actual length of the Si-base plane-elliptical mirror HFM is 1000 mm. It can intercept 
only 12 mrad angular x-rays out of the 60 mrad fan-like horizontal beam. About 80% 
radiation could not be captured and used in beamline (Jung and Schäfers, 2001).  
 
Many efforts have been made in enhancing the acceptance angle for the x-ray focusing 
mirrors to intercept more synchrotron radiation. One approach is to coat the mirror 
surface with heavy elements, such as Au and Ni. This technique enhances the critical 
angle of the total external reflection (Arndt and Bloomer, 1999; Sheng et al., 2010). 
Another practical approach is to substitute the total reflection coatings with appropriate 
laterally graded multilayers on the mirrors in Kirkpatrick-Baez scheme (Underwood et al., 
1986) or Montel scheme. Compared to the specular reflection optics, the multilayer 
mirrors have approximately five times larger acceptance angle in x-ray region (Ice, 1997). 
This means that multilayer x-ray focusing mirrors can capture larger divergence than the 
total reflection mirrors. However multilayer mirror optics typically has a limited energy 
bandpass. To preserve achromatic focusing performance, total external reflection x-ray 
mirrors are still essential elements in synchrotron beamlines.  
 
2.4 Microstructured x-ray focusing devices 
In recent years, with the development of the microfabrication techniques and some new 
materials available, the development of micro optics with improved acceptance angles for 
x-ray focusing has been attracting more and more interest. The schemes reported include, 
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but are not limited to, microchannel plates (MCP) and microstructured optical arrays 
(MOA) of grazing incidence reflectors.  
 
A MCP is a compact array of hollow channels and generally consists of a large number of 
small flat, round or square profile channels. Its focusing effect arises out of multiple total 
external reflection of grazing incidence at the interior walls of the channels. Use of MCP 
devices as x-ray optical components appears to originate with the work done by 
Yamaguchi et al. in 1987. They presented the use of a MCP to act as a large-aperture 
collimator for a two-dimensional imaging spectrometer used in studies of x-ray emission 
from plasmas (Yamaguchi et al., 1987). Many other researchers developed a variety of x-
ray MCPs used to focus or condense x-ray beam in their experiments (Angel, 1979; 
Stephen et al., 1989; Chapman et al., 1991; Fraser et al., 1993; Peele et al., 1996; Brunton 
et al., 1997; Price et al., 2002; Gertsenshteyn et al., 2006). A schematic illustration of the 
essential principle of the x-ray focusing with a microchannel plate is given in Figure 2.6, 
in which the incoming beam is intercepted and reflected by the interior walls of a set of 
tiny channels to a common focus. 
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MOAs are mainly based on the concept of the MCP optics and consist of consecutive 
aligned arrays of microscopic channels. The main differences in MOAs are that there are 
single reflections in successive arrays which reduce aberrations, and the layout of the 
channels is more flexible so that the optical arrays can be bent and adjusted using 
piezoelectric actuators providing control over the focusing and inherent aberrations 
(Prewett and Michette, 2000; Michette et al., 2003, 2007, 2009; Al Aioubi et al., 2005, 
2006; Dunare et al., 2009; Sanmartin et al., 2009).  
 
These micro optical structures have been precision manufactured by both dry and wet 
etching in silicon (Michette et al., 2003, 2007, 2009; Dunare et al., 2009), or by optical 
lithography techniques with photoresists coated with high Z metal film to enhance the 
critical angle (Peele et al., 1996; Bukreeva et al, 2006; Malek and Saile, 2004).  
 
Figure 2.7 Micrographs of fabricated micro optical arrays. Adopted from (a) Michette et 
al., 2007. (b) Brunton et al., 1997. (c) http://www.photonis.com (d) http://sci.esa.int/loft 
 
 
MCPs and MOAs are generally designed to envelop the full divergence of source. In 
MCP and MOA x-ray focusing schemes the incoming beam is split into a bunch of small 
beamlets in one or two directions by the microchannel structures, then each beamlet of x-
rays is intercepted by an individual channel and reflected at the interior walls of the 
(a) (d) (c) (b) 
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channel which act as mirrors to provide line-to-line or point-to-point focusing. The total 
acceptance angle of such micro optical device is the sum of that of every individual tiny 
channel. In comparison with the conventional long specular reflection focusing optics 
presented in previous section, such compact micro x-ray focusing systems have much 
larger acceptance angles and are enable to capture large percentage or all the incoming 
radiations. 
 
However, figure accuracy and smoothness of the interior walls of the channels are limited 
by their fabricating processes, this lead to some undesired change in the incidence angles 
of incoming rays and cause the photons being scattered. Moreover, the MCPs and MOAs 
are generally designed with the assumption of all the x-rays coming from a point source, 
while the fact is that a synchrotron source is far from being a point source and x-rays are 
emitted from all emission points of the extended synchrotron source. As a consequence, 
the flux of x-rays focused by MCPs and MOAs is much lower than expected and the 
beam size is also bigger than calculated. Although much work has been done on this kind 
of compacted x-ray beam optics, the attempt to properly reflect all intercepted photons 
for high beam intensity is restricted by the fact that calculating the trajectory of individual 
photon in x-ray beam is impossible in practice. Nevertheless, the photons distribution can 
be best studied with phase space method. X-ray beams have been analyzed using the 
position-angle phase space (Green, 1976; Hastings, 1977; Matsushita & Kaminaga, 1980-
I) and the position-angle-wavelength phase space (Matsushita & Kaminaga, 1980-II; 
Pedersen & Riekel, 1991; Smilgies, 2008; Ferrero et al., 2008).  
 




In this chapter, the literature review of various types of x-ray focusing optics, specifically 
the total external reflection x-ray condensing mirrors which are commonly used in 
existing synchrotron beamlines, has been presented. Two kinds of miniaturized x-ray 
focusing devices, namely MCP and MOA were discussed. This chapter provides a 
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This chapter provides the descriptions on building mathematical models to quantitatively 
represent a synchrotron radiation source and determining the distribution of emitted 
photons at arbitrary locations in beam propagation path. The detailed insight into these 
models will provide the base for design of x-ray beamline optical elements.  
 
Firstly, a brief introduction on synchrotron radiation sources and the properties of their 
radiations is given. Subsequently, the distributions of relativistic electrons and emitted 
photons in the storage ring will be presented. Based on that, a mathematical model of the 
phase space representation of a synchrotron radiation source will be built. Finally, the 
transformation of a radiated photon beam along its transport line will be discussed with 
specific cases. 
 
3.2 Synchrotron radiation source 
This section briefly introduces synchrotron radiation sources and the properties of 
synchrotron radiation. The working principles, technical details and historical 
development about synchrotron radiation source can be found in the references 
(Wiedemann, 2003; Chao and Tigner, 1999; Mülhaupt and Rüffer, 1999; Winick, 1994; 
Ebashi et al., 1991).  
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3.2.1 Synchrotron radiation source 
Synchrotron radiation (SR) is a form of electromagnetic radiation emitted by charged 
particles moving on circular orbits with highly relativistic velocities. It was first observed 
at the General Electric Research Laboratory in Schenectady, New York, on April 24, 
1947. Since then, synchrotron radiation has become a premier research tool for the study 
of matter in all its varied manifestations (Ebashi et al., 1991; Thompson et al., 2009).  
 
The first synchrotron radiation source, Synchrotron Radiation Source (SRS), was brought 
online in 1980 at the Daresbury Laboratory in UK (Thompson et al., 2009). At present, 
there are over 70 synchrotron radiation facilities in use or under construction around the 
world. The three largest sources are the Spring-8 in Japan operating at 8 GeV, the 
Advanced Photon Source (APS) in US operating at 7 GeV, and European Synchrotron 
Radiation Facility (ESRF) in France operating at 6 GeV (Thompsom et al., 2009). 
 
In general, synchrotron radiation beam is generated by a relativistic electron bunch 
constrained to a circular orbit in the horizontal plane. The size and divergence of the 
electron beam are governed by various focusing magnets placed along the circumference 
of a storage ring. All storage rings use bending magnets to keep the electrons on a 
circular path. Some special magnet devices, such as wiggler and undulator, are inserted 
into storage rings to enhance flux and brightness of the radiation (Winick et al., 1981). 
Figure 3.1 gives a simple schematic of a synchrotron storage ring with the insertion 
devices undulator and wiggler. The synchrotron emission pattern from bending magnets, 
wigglers and undulators are illustrated in Figure 3.2.  








Figure 3.2 Emission pattern of (a) Bending magnet; (b) Wiggler magnet and (c) 
Undulator magnet. eEcm
2
0 is the natural divergence of the radiation and N is the 
number of undulator periods. 
 
 
Both bending magnet and insertion device based sources are readily available at 
synchrotron radiation facilities. In the present thesis, however, the discussion is cast in 
terms of dipole source only, and most of the data used in this discussion are based on the 
compact superconducting storage ring, named Helios-2, at Singapore Synchrotron Light 
Source (SSLS). The information about the Helios-2 can be found in Appendix 2 of this 
thesis. Nevertheless, the design concept and procedure of the novel x-ray multi-mirror 
(a) (b) (c) 
θSR (10~50) θSR  NSR
Electrons from Injector 
Bending 
Magnet  
Wiggler RF Cavity 
Undulator 
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system proposed in this thesis are general and need only to be adjusted based on the 
actual parameters of the source under consideration.  
 
3.2.2 Properties of synchrotron radiation 
Synchrotron radiation has a number of unique properties in broad continuous spectrum, 
highly collimated and polarized radiation beam, and pulsed time structure (Steenbergen, 
1979; Kunz, 1979; Ebashi et al., 1991; Winick, 1994; Thompsom et al., 2009). 
 
One property of synchrotron radiation is its continuous spectrum with high intensity. 
Useable synchrotron radiation spans the spectrum continuously from the far infrared to a 
high energy limit determined by the energy of the relativistic electron Ee and the radius of 
the orbit ρ (Winick 1996; Wiedemann 2003). The critical energy Ec is given by  
 










                                           (3.1) 
 





Another property of synchrotron radiation is that natural divergence of the radiations is 
very small. When relativistic electrons are moving in storage ring, the relativistic effects 
cause the pattern of emitted radiation to be folded into a sharp forward cone with an 
opening angle θSR, as shown in Figure.3.3. In the x-ray range, which is of considerable 
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interest as of its short wavelength, this natural divergence angle is very well 
approximated by the expression                                                           
 





0                                                            (3.2) 
 
where, m0 is the rest mass of an electron and c is the velocity of light in vacuum. The 
divergence angle becomes smaller as the electron energy becomes larger. This natural 
divergence of the radiation is very small. Taking electrons in Helios-2 at SSLS as an 
example, m0c
2 
= 0.511 MeV and critical electron energy is 700 MeV, the natural 
divergence θSR = 0.73 mrad. 
 
In addition, the synchrotron radiation emitted from highly relativistic electrons is almost 
100% plane polarized with the electric vector parallel to the orbital plane (Ebashi et al., 
1991; Winick, 1994).  
 
Moreover, the synchrotron radiation also has time structure property. Because the 
electrons are circulating in compact groups so that the SR beam is actually a bunch of 
photons with typical pulse duration of 100 ps and a repetition rate of 10
7
 Hz (Ebashi et al., 
1991; Winick, 1994). 








Generally, the synchrotron radiation is characterized in terms of spectral range, photon 
flux, photon flux density, brilliance, and polarization. Photon flux is the overall flux 
collected by an experiment and reaching the sample, photon flux density is the flux per 
area at the sample, and brilliance is the flux per area and opening angle. Most of the 
calculations are based on the results of the Schwinger theory (Schwinger, 1949). The 
characterized results of the radiation from Helios-2 at SSLS are given in Appendix 3 of 
this thesis. 
 
3.3 The distribution of synchrotron radiation in phase space  
The aim of this section is to build a mathematical model to represent a synchrotron 
radiation source in photon phase space.  
 
3.3.1 Concept of phase space method 
In physics of synchrotron radiation, a phase space is a space in which all possible states 
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corresponding to one unique point in the phase space. Every degree of freedom of the 
particles is represented as an axis of a multidimensional space (Findlay, 1911; 
Steenbergen, 1979; Kunz, 1979; Wiedemann 2003).  
 
For every possible position and direction of an electron, in phase space, a unique point is 
usually plotted in a two dimensional space, one axis represents the position of electron in 
a beam and another axis represents the angular divergence of the electron. With phase 
space method, if entire electrons in a beam is considered and plotted with respect to the 
angular divergence of the electrons vs. their displacement from the center of the beam, 
the beam can be described by an ellipse which is called phase space ellipse of the electron. 
Figure 3.4 is a typical phase space ellipse which is often used for describing the 
distribution of electron beam with respect to the parameters, called Twiss parameters 
(Mess et al., 1996) that relate to the focusing properties of the storage ring magnet 
structure and determine the shape and orientation of the phase space ellipse (Steenbergen, 
1979; Kunz, 1979; Wiedemann 2003). 
 
Figure 3.4 A typical phase space ellipse of electron beam. ε is beam emittance, and α, β, 
and γ are Twiss parameters which relate to the focusing properties of the storage ring 
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Phase space method is especially useful in photon beam transport from the radiation 
source point to a specific position in beam traveling path. With the concept of photon 
phase space method, the transverse size and divergence of a radiation beam at any 
location along beam traveling direction can be calculated. 
 
3.3.2 Distribution of synchrotron radiation in phase space 
In synchrotron, as mentioned in the previous sections, a bunch of relativistic electrons 
emit photons due to the electrons constrained to a circular orbit in the horizontal plane. 
The size and divergence of the electron beam are governed by the focusing magnets 
installed along the circumference of the acceleration orbit (Wiedemann 2003). Figure 3.5 
illustrates a bunch of relativistic electrons generate radiations as they are accelerated 
following a curved trajectory in synchrotron. Every electron within the bunch emits 
photons in a cone with opening angle θSR, as given by equation (3.2). In a real 
synchrotron beam source with a finite angular size, this corresponds to a small segment 
of the storage ring. The radiations are emitted from every emission point over the source 
segment. It is like that the sharp cone of radiation sweeps around, tangentially to the 
electron orbit, over a small source arc of the orbit in a very short time, and form a 
continuous swath of radiation in the orbit plane. The vertical opening angle of the swath 
remains same as radiation cone angle θSR, while the horizontal divergence of the swath is 
mainly depended on the sweeping range, so that the final fan-like radiation beam is much 
wider horizontally than vertically.  
 




Figure 3.5 Schematic representation of the emission of synchrotron radiation generated 
from a bunch of relativistic electrons. 
 
 
Calculating the trajectory of every individual relativistic electron in the bunch is 
impractical. A convenient way of describing the electron beam is to apply the phase 
space method to plot the angular divergence of the electrons in the bunch vs. their 
displacement from the center of the bunch. To describe the distribution of the electrons, a 
Cartesian coordinate system (x, y, z), frequently called Frenet-Serret coordinate system, is 
set up as Figure 3.6 shown, in which the plane of electron orbit is taken to be horizontal. 
The x-axis and y-axis are set in horizontal plane and vertical plane at the emission point S 
of the source, respectively, and the electron travelling in instantaneous direction is taken 
as the z-axis. In this coordinate system, the instantaneous position of an electron will be 
specified by (x, y, s), where x and y are the horizontal and vertical deviations from the 
ideal orbit and s is the distance along the orbit from a reference point. The angular 
divergence of the electron is defined to be 
dz
dx
x '  and 
dz
dy





















For a single electron moving along the orbit through the focusing magnets, the phase 
space contour of the electron can be an ellipse (Banford, 1966). If an ensemble of the 
electrons in the relativistic electron bunch is considered, and if the number of electron per 
unit time is plotted with respect to x, x', y or y', a Gaussian will be traced out. Often also 
the distribution of the radiated photon beam is well approximated by a Gaussian one. In 
the Gaussian phase space distribution shown in Figure 3.7, the ellipses at one, two and 
three standard deviations are indicated. The beam contains 68.2%, 95.4% and 99.6% of 
the electrons or photons inside one, two or three standard derivation, respectively. It is 
customary when describing an electron beam or photon beam in phase space to plot only 
the ellipse which represents one standard deviation, σ, of the Gaussian intensity 
distribution of the beam. Thus all the phase space ellipses that will be presented actually 
represent the one standard deviation of the beam for x' with respect to x, or y' with respect 












Figure 3.7 Schematic Gaussian distribution of electrons in the coordinates y, y'; the 
ellipses for one, two and three standard derivations are indicated. 
 
 
Figure 3.8 gives image of the electron beam profile from Port SLM of Helios-2 at SSLS. 
we can notice that the beam size is different at points around the storage ring and the 
beam distribution is always Gaussian. The product of the beam size and divergence is 
fixed quantity, called the emittance (Winick, 1994; Wiedemann, 2003), which is 0.5 mrad 
at 700 keV in Helios-2 at SSLS. 
 
By analyzing the beam image, beam size could be directly calculated from the beam 
profile. As presented above, the electron beam has Gaussian distribution, the full width at 
half maximum (FWHM) of the distribution could be determined from simple fitting. In 
addition, the beam size is the one standard deviation of amplitude distributions. Therefore 
the beam size can be calculated from FWHM of Gaussian distribution as (Kunz, 1979) 
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An example of FWHM determination from the electron beam profile image is shown in 
Fig.3.9. The beam size in horizontal and vertical can be calculated by using equation (3.3) 





Figure 3.8 The image of the electron beam profile taken from the Port SLM1 & 2 of 
Helios-2 at SSLS. 
 
 
Figure 3.9 Illustration of the beam FWHM determination. The beam profile image is 
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A real synchrotron radiation source has a finite width due to both the electron beam width 
and the spread in the radii of all possible electron trajectories. At an emission position S 
of the source, the electron beam has phase space representation as shown in Figure 3.10. 
The equations describing this ellipse are (Piannetta and Lindau, 1977), 
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                                    (3.5) 
where,  
   is the variable for describing the phase space ellipse,  20  , 
 2σx is the one standard deviation of the beam size in the horizontal plane, 
 2σy is the one standard deviation of the beam size in vertical plane,  
 αe and βe are Twiss parameters which relate to the focusing properties of the  
storage ring magnet structure and characterize the electron phase space ellipses 
(Ebashi et al., 1991; Winick, 1994; Wiedemann, 2003). 
 
Figure 3.10 Schematical representation of the vertical phase space ellipse of the electron 
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Figure 3.11 shows the phase space ellipses of the electron beam at an emission point of 
Helios-2 at SSLS with the parameters given in Table 3.1 and Table 3.2 (Helios-2 Manual)  
 




































Figure 3.11 Phase space ellipse of the electron beam at an emission point of Port #8 (EPD) 
of Helios-2 at SSLS: (a) in horizontal plane, and (b) in vertical plane. The critical 
electron energy is 0.7 GeV and beam size 2σx and 2σy are 2×0.69 mm in horizontal plane 
and 2×0.38 mm in vertical plane, respectively. The maximum beam divergence of the 
beam in horizontal is 2.6 mrad and in vertical is 0.05 mrad. 
Chapter 3 Representation of Synchrotron Radiation Source in Phase Space 
43 
 
                       Table 3.1 Twiss parameters of Port EPD of Helios-2 (SSLS)  
                                       Horizontal                 Vertical                                      
  α                                    -0.6                            1.2 
  β            m                      0.36                           11 
  γ            m-1                     3.78                          0.22 




   Table 3.2 Source characteristics of Helios-2 (SSLS) 
Helios-2 storage ring at SSLS (Port: #8, EPD ) 
Electron energy                           GeV                   0.700 
Magnetic field                              T                       4.5 
Bending Radius                            m                      0.519 
Critical energy                             keV                   1.47 
Critical wavelength                      nm                    0.845 
Source size                σx                mm                   0.69    
                                  σy                mm                   0.38    
Source divergence    σx’               mrad                 2.60    
                                  σy’               mrad                 0.05    
 
 





0 . The phase space distribution of photons generated from the electron bunch at 
the source point S can be determined by superimposing the natural divergence θSR of the 
radiation onto the divergence of the electron beam. Therefore, the ellipse equation of the 
photons is given by  
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where, for horizontal         
exSRx
                                                                             (3.8) 
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             for vertical           
eySRy
                                                                           (3.11) 
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                                                          (3.13) 
 
The maximum divergence of the photon beam '
maxSR
x  in horizontal and '
maxSR
y in vertical 
can be determined by the quadratic sum of the natural divergence of synchrotron 
radiation and the maximum electron beam divergence '
maxe
x  and '
maxe
y , respectively.  





xx                                                 (3.14) 





yy                                                (3.15) 
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A schematic representation of the phase space ellipse of synchrotron radiation, together 
with the electron ellipse, is given in Figure 3.12. Notice that the size of the photon beam 
is same as the electron beam at source as the effect of synchrotron radiation does not 
contribute to the spatial extent of the electron beam size, only the beam divergence extent. 
Same conclusions can be made by comparing Equation (3.4) and (3.6) for horizontal 




 relate the natural divergence angle 
SR
 as in Equation (3.8) and (3.11) while 
SR
 relates electron energy as in Equation (3.2), so the beam divergence extent will 




Figure 3.12 Schematic representation of the phase space ellipse of photon beam and 
electron beam at source point in vertical plane 
 
 
Figure 3.13 shows the phase space ellipses of the photon beam of Helios-2 at SSLS with 
the parameters given in Table 3.1 and Table 3.2 (Helios-2 Manual). The natural 
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Figure 3.13 The phase space ellipse of the synchrotron radiation at an emission point of 
Helios-2 at SSLS: (a) in horizontal plane and (b) in vertical plane, with the critical photon 
energy 1470 keV. The phase space ellipses for the electron beam from which the photons 
extracted is given in red. 
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Figure 3.14 The phase space ellipses of the photon beams with different photon energies 
at an emission point of Helios-2 at SSLS: (a) in horizontal plane and (b) in vertical plane, 
with different energies. The phase space ellipse of the electron beam from which the 
photon beam generated is showing in red. 
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Figure 3.14 gives the phase space ellipses of the photon beam of Helios-2 at SSLS with 
the different energies. As can be seen from the figure, the angular divergence of the 
photon beam becomes smaller as the energy gets increased. This is because the 
synchrotron natural divergence θSR is inversely proportional to the beam energy as given 
by Equation (3.2). 
 
3.3.3 Phase space representation of a synchrotron radiation source   
Although the characteristics of a synchrotron radiation source in horizontal and vertical, 
as shown in Figure 3.5, are obviously different, both horizontal and vertical photon 
distributions of the source are the results of the combined property of electron beam itself 
described by electron phase space ellipse, the natural divergence angle of photons emitted 
from a single electron, and the curvature of the electron beam due to the electrons motion 
in a circular orbit (Hastings, 1977).  
 
3.3.3.1 Definition of the coordinate systems  
A Cartesian coordinate system (X, Y, Z) is defined to represent a real synchrotron 
radiation source with angular size 2φ0 as illustrated in Figure 3.15. The plane of electron 
orbit is taken to be horizontal. The midpoint O of the source arc S1S2 is chosen as the 
origin of the coordinate (X, Y, Z), while the X-axis and Y-axis are set in the horizontal and 
vertical plane, respectively. The tangent to the orbit at O is taken as the Z-axis which will 
be considered as the optical axis.  
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The Frenet-Serret coordinate system (x, y, z), which was set up with respect to the 
electron bunch in section 3.3.2 and shown in Figure 3.6, is taken here at an arbitrary 
emission position S, defined by ( -φ0), along the source arc S1S2, 020   . The 
position of the coordinate system (x, y, z) is a function of ( -φ0). 
 
If an image plane is set up perpendicularly at arbitrary position along the Z-axis, photons 
with different angular divergences emitted from every emission position of the source arc 
will strike the plane at different points. It is clear from the figure that the points, where 
the emissions coming from different position along the source arc S1S2 cross the X-Y 
plane at Z = 0, could be taken as the emission origin of the photons irrespective of their 
actual origin along the orbit. The synchrotron radiation source, therefore, can be 
represented by those points. The position and direction of these imaged source points can 
be determined by projecting the position and direction of the photons emitted from all 
emission positions over the source arc, which are described by the phase ellipses of the 
photons at each emission position of the source, onto the plane X–Y with Z = 0, supposed 
that local phase space ellipses at each emission point of the source arc are used.  
 
Figure 3.15 Definition of the coordinate systems (X, Y, Z) and (x, y, z). The top view of 
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3.3.3.2 Derivation of the projection equations  
In the defined coordinates above, the position in (X, Y, Z) basis of a given emission 
position S in (x, y, z) basis, at angular position (-0) along the electron orbit, can be 
determined by  














































                                            (3.16) 
where, the three axis transformation ΔX, ΔY, ΔZ are 
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where 
0
20   . The three axes rotation angles αX, αY, αZ are 
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Therefore, the rotation matrix R is 





















R                                   (3.19) 
 
Plugging (3.17) and (3.19) into (3.16), have the emission position in (X, Y, Z) basis 
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The emission angle vector (nX, nY, nZ) in (X, Y, Z) basis is given by rotating the emission 
angle vector (x’, y’, z’) in (x, y, z) basis by (φ – φ0) around y 
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Plugging (3.19) and (3.21) into (3.22), have the emission position in (X, Y, Z) basis 
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When z = 0, the initial coordinate of the emission position S in (X, Y, Z) basis is  
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The normal emission angular vectors are 
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Now using the vector equation of a line 








































                                            (3.26) 
 
When Z = 0 (reference plane is defined as Z = 0), parameter )sin()(
0
  xt . The 
projection of the emission from the given position S, on the reference plane where Z =0, 
can be determined by plugging this t value in (3.26) and solving for X, X' and Y, Y', 
resulting in the projection equations in 'XX  space as 
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and in 'YY   space 
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3.3.3.3 Phase space representation of a synchrotron radiation source 
As discussed in Section (3.3.3.1) and (3.3.3.2), a real synchrotron radiation source can be 
represented by an imaged source, which is a collection of the projected points on the X-Y 
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plane at Z = 0 of all the photons emitted at every position over the whole source arc S1S2. 
The position and direction of the points of the imaged source can be calculated by 
applying the equations (3.27) and (3.28) combining with the phase space ellipses at each 
emission position of the real source, which is described by Equations (3.4) and (3.5) for 
electron beam, Equations (3.6) and (3.7) for photon beam, respectively. Consecutively, 
the phase space representation of the real source can be given by the plots of X vs. X' in 
horizontal and Y vs. Y' in vertical.  
 
Table 3.3 Parameters and equations used for phase space representation of the electron 
beam of a synchrotron radiation source. 
Horizontal Vertical 
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Table 3.3 summarizes the parameters and equations that are needed to calculate the 
position and divergence of the electrons of the imaged source in phase space, while Table 
3.4 summarizes the parameters and equations that are needed to calculate the position and 
directions of the imaged source points for representing a real synchrotron source in phase 
space. 
 
The characteristics of a real synchrotron radiation source in horizontal and vertical planes 
are obviously different as shown in Figure 3.5. That, subsequently, leads to a remarkable 
difference in horizontal and vertical phase space descriptions of the source. 
The phase space representations of a real synchrotron radiation source can be represented 
by the imaged source which was defined in section (3.3.3.1) and calculated by applying 
the equations in Table 3.3 with respect to the electron beam or the equations in Table 3.4 
with respect to the photons, respectively, with the parameters in Table 3.1 and Table 3.2. 
These source representations can be used as the inputs for designing x-ray optical 
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Figure 3.16 Horizontal phase space representations of the electron beam with a width of 
2×0.69 mm at electron energy 700 keV. The radius of the beam port is 0.519 m and the 
angular port size is 200 mrad in (a) and 60 mrad in (b), respectively. The phase space 
ellipse of the electron beam at the center point of the source is showing in yellow. The 
parameters used are listed in Table 3.1and Table 3.2. 
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Figure 3.16 shows the horizontal phase space representations of the electron beam with a 
width of 2σx = 2×0.69 mm and radius of the orbit ρ = 0.519 m at the Port #8 (EPD) of 
Helios-2 at SSLS. The electron beam represented in (a) has an assumed angular source 
size of 200 mrad for better view in the curvature of the electron beam due to the electrons 
motion in the circular orbit. While the source size in (b) is 60 mrad which is the typical 
angular source size of Helios-2 at SSLS. As can be seen from the figures, the striking 
effect of taking into account a non-zero length of the arc is the occurrence of tails 
extending from the central phase ellipse into positive x-space as well as positive and 
negative angular space while the effect of the phase space ellipse of the electron beam 
itself on the overall distribution of electron source is small compared to the curvature of 
the electron beam which was introduced by the circular motion of electrons in storage 
ring. 
 
Figure 3.17 shows the phase space representations of the photon beam radiated from the 
electron beam shown in Figure 3.16. It is clear from comparison of Figure 3.16 and 
Figure 3.17 that the effect of the natural divergence of synchrotron photons on the 
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Figure 3.17 Horizontal phase space representations of the photon beam radiated from the 
electron beam with a width of 2×0.69 mm at electron energy 700 keV. The radius of the 
beam port is 0.519 m and the angular port size is 200 mrad in (a) and 60 mrad in (b), 
respectively. The phase space ellipse of the photon beam at the center point of the source 
is showing in yellow. 
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Now, rewriting the X in the equation (3.27) as  












X                                   (3.29) 
 
For small values of (φ - φ0) and x', which are true for all practical cases, the equation 
(3.29) can be approximated by 
                                                   )sec()(
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Taking the first two items of the )sec(
0
   only, and plugging it into (3.30), resulting in  
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Notice that the maximum value of the x equal to half of the beam size σx, so the 
boundaries of the source are approximately determined by  


























                                    (3.32) 
where Xleft describes the phase space of the smallest trajectory and Xright the largest. They 
are mainly determined by the radius of the orbit ρ and the angular source size 
0
2 . 
Equation (3.32) is valid for both the electron beam and photon beam at synchrotron 
source as the effect of the synchrotron radiation does not contribute to the spatial extent 
of the electron beam size as discussed in Section3.3.2.  
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The parabolic band described by Equation (3.32) gives an approximate representation of 
a synchrotron radiation source as shown in Figure 3.18.  
 
As can be seen from Equation (3.32), as well as Figure 3.16, Figure3.17 and Figure 3.18, 
the phase space representation of synchrotron source is mainly determined by the 
curvature of the electron beam inducted by the circular motion of the electrons and the 
source size. The effect of the natural divergence of synchrotron photons and the 
divergence of the electron itself are totally overwhelmed by the divergence due to the 
electrons circular motion in the storage ring, and can be neglected in no rigorous 
discussion.  
 



















Figure 3.18 Horizontal phase space description of synchrotron source by the parabolic 
band showing in black.  The photon beam radiated from the electron beam with a width 
of 2×0.69 mm at electron energy 700 keV. The radius of the beam port is 0.519 m and the 
angular port size is 200 mrad. 
 
 






















Source size: 200 mrad
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Figure 3.19 Vertical phase space representations of the electron beam with a width of 
2×0.38 mm at electron energy 700 keV. The radius of the beam port is 0.519 m and the 
angular port size is 200 mrad in (a) and 60 mrad in (b), respectively. The phase space 
ellipse of the electron beam at the center point of the source is showing in yellow. The 
parameters used are listed in Table 3.1and Table 3.2. 
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Figure 3.19 shows the vertical phase space representations of the electron beam with a 
width of 2σy = 2×0.38 mm and radius of the orbit ρ = 0.519 m at the Port #8 (EPD) of 
Helios-2 at SSLS. The electron beam represented in (a) has an assumed angular source 
size 200 mrad for better view in the curvature of the electron beam due to the electrons 
motion in the circular orbit. While the source size in (b) is 60 mrad which is the typical 
angular source size of Helios-2 at SSLS. In the figure, the width of the red ellipse 
represents the effect of the source geometric size on the electron distribution. It is clear 
from the figures that the shape, orientation and area of the overall electron beam of the 
source change very little from that of the phase ellipse of the electron itself which is 
shown in yellow in the figure, especially for the practical case of the source size 60 mrad 
as shown in (b).  
 
From Equation (3.28), we can observe that determining the vertical phase space 
projections of a source on the imaged source plane usually is more complicated because Y 
and Y' are functions not only of y and y', but also x and x'.  
 
Taking the extreme case of the Port EPD at SSLS, which has an angular source size of 
2φ0 = 60 mrad, applying (φ - φ0) = 0.03 rad,  xmax = 6.9×10
-4
 m,  x'max = 2.6×10
-3
, ymax = 
3.8×10
-4
 m, and y'max = 5×10
-5
 rad into Equation (3.28), then will have   












where, the typical value of y is in the order of 10
-4
 m, and the divergences at the real 
source are very close to that at imaged source plane. So the effect of the angular source 
size 2φ0 on the vertical source distribution is very limited and can be negligible in most 
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cases. Therefore, the vertical phase space description of the source is a combination of 
the electron beam itself and the natural divergence angle of the emitted photons, and the 
resulting vertical source is shown in Figure 3.20. In the figure, the width of the blue and 
red ellipses represents the effect of the angular source size on the photon beam and 
electron beam of the source, respectively. While the two yellow lines in the ellipses 
represent, respectively, the phase space ellipses of the photon beam and electron beam 
from a single emission point of the source. It is very clearly demonstrated from this figure 
that in vertical direction, the phase space representation is mainly determined by the 
phase space ellipse of the electron beam itself and the natural synchrotron divergence 
angle, and the effect of the source geometric size can be neglected.  
 























Figure 3.20 Vertical phase space representations of the photon beam (in blue) radiated 
from the electron beam (in red) shown in Figure 3.19(b). The two yellow lines show the 
phase space ellipse of the photon beam and electron beam from a single emission point of 
the source, respectively. 
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3.4 Transformation of the synchrotron radiation beam  
As synchrotron radiation propagates along a beamline, the position and direction of the 
radiated photons will change. This section presents the mathematical description of the 
beam along its transport line based on the Liouville’s theorem in phase space.  
 
3.4.1 Liouville’s theorem 
Liouville’s theorem is a general physics theorem, and it is of specific importance in 
particle beam study (Bradt & Olbert, 2008; Denker).  
 
Liouville’s theorem states that under the influence of conservative force the density for a 
system of particles in phase space stays constant. This means that the emittance of a beam, 
which is defined as the volume occupied by the beam in the trace space and represented 
by the area of the phase space ellipse of an electron or photon beam in horizontal or 
vertical plane, is constant unless non-conservative forces are applied. 
 
Liouville’s theorem provides a powerful mathematical method to describe the beam as a 
whole without concentrating on individual photon trajectories. With this theorem, the 
distributions of the photon beam at any location along the beam transport line will easily 
be determined. 
 
3.4.2 Transformation of phase space ellipse 
As the synchrotron radiation beam traveling along the beam transport line from one 
location to next, all photons enclosed by the phase ellipse stay within that ellipse as stated 
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in Liouville’s theorem. The distribution of the photon beam at any other location along 
the beam transport line can be described by en ellipse which is transformed from the 
initial ellipse at source to that location (Wiedemann, 2003; Winick, 1994; Banford, 1966).  
Figure 3.21 schematically shows the transformation of the phase space ellipse of a  
radiated beam at different location along drift beam transport line, while Fig.3.22 gives 
that through a focusing optics along beam transport line.  
 
Figure 3.21 Transformation of a synchrotron radiation phase space ellipse at different 




Figure 3.22 Transformation of a synchrotron radiation phase space ellipse through a 
focusing optics at different location along beam transport line 
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                                                 (3.34)  
 
The transformation equation (3.33) maps the change in coordinates in terms of the photon 
divergence and displacement from the center of the beam between any two locations. 
The matrix RT is the function of optics parameters between the two locations, and the 
elements of RT have representation in terms of the optics parameters. The cumulative 
effect of series optics to the beam is determined by a series of matrix multiplications 
across each optical device.  
 
For two locations with distance of L in between, the RT is:  
(1) In a drift beam transport section        











                                                     (3.35) 
The position and divergence of the photons at the second location have the relation with 
that at the first location as follow  
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Equation (3.36) and (3.37) indicate that the horizontal and vertical divergence angle of 
photons is unaltered when they travel along their paths unless they meet any optical 
element, while the value of x or y linearly increases as L increases, respectively. This 
indicates that photon beam has the effect of shearing its phase ellipse about x axis or y 
axis when traveling as shown in Figure 3.21.  
 
An example is given in Figure 3.23 to show how photon phase ellipse shifts as the beam 
transports in drift section of beamline. The phase ellipses of the photon beam, which is 
emitted from a single emission point of Port EPD at SSLS as described in Figure 3.13(a), 
at the locations of Source, 1200 mm and 3000 mm from the source are shown. It can be 
seen from the figure that the beam size alters as travelling in drift section of the beam line, 
while its divergence is kept unaltered. 
 
 
Figure 3.23 Transformation of the photon beam in the drift section of EPD beamline at 
SSLS. The horizontal phase space ellipses of the beam at the source, at the location of 
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(2) Deflecting by a total reflection mirror  












                                                  (3.38) 
where,  l1 is the distance from the first location to the mirror, l2 is the distance from the 
mirror to the second location, and  L = l1 + l2. 
 
The position and divergence of the photons at the second location have the relation with 
that at the first location as follow  
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                                                (3.40) 
so when deflecting, both position and direction of the radiated photon will be changed.  
 
Figure 3.24 shows how phase ellipse changes when the photon beam is deflected by a 
hypothetic mirror which is located at 1200 mm from the Port of EPD beamline, in which 
the photon beam is same as the one used in Figure 3.23. Assuming that the transfer 









, it is clear from the figure that both beam 
divergence and size change when deflected. At the mirror location, nevertheless, the 
beam size right before and after reflected is invariant, only its divergence changed by 
three times.  




Figure 3.24 Transformation of the photon beam passing a mirror in the EPD beamline at 
SSLS. The horizontal phase space ellipses of the beam at the source, right before and 




3.4.3 Transformation of synchrotron radiation source 
The photon distributions from synchrotron radiation source to any other location along 
the beam transport line can be determined, in phase space, by the transformation equation 
(3.33) with the initial photon distribution at source which are described by Equation (3.27) 
and (3.28) in horizontal and vertical, respectively. 
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where Xs, Xs' Ys and Ys' donate the photon’s position and divergence in the beam at source 
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Two examples are given in Figure 3.25 and Figure 3.26, respectively, to show how the 
photon beam (shown in Figure 3.17) transports in the drift section of EPD beamline at 
SSLS, or is deflected by a hypothetic mirror which located at 1200 mm from the Port. It 
can be seen from the figures that as travelling in drift section beam divergences are 
constant but its size is changed as shown in Figure 3.25, while when deflected the beam 
size right before and after reflection remains at the mirror location but its divergence is 



























at 3m at 1.2m at source
 
 
Figure 3.25 Transformations of the photon beam in the drift transport section of EPD 
beamline at SSLS, in which the horizontal ellipse at source point, the first location of 
1200 mm and the second location of 3000 mm from the storage ring are shown. The 
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SR 3x reflected at 1.2m
 
 
Figure 3.26 Transformations of the photon beam passing a mirror in EPD beamline at 
SSLS, in which the horizontal ellipse at source point, right before and after reflected at 




In this chapter, a mathematical model to quantitatively represent a synchrotron radiation 
source has been built based on studying the distribution of synchrotron emission with 
phase space concept. This model takes into account of all three main factors that have 
effects on synchrotron emission, such as the source size due to the curvature of the 
electron beam, the phase space ellipse describing the electron beam itself, and the 
opening angle of the photons from a single electron. The conception in principle of this 
model is of projecting all the photon phase space ellipses, which describe the distribution 
of photons emitted at each emission point over a practical source, onto the hypothetical 
plane defined to represent the actual source. Using this model, together with the 
transformation equations given in Section 3.4, a synchrotron source and the radiated 
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photon beam at any location along its transport line can be rigorously described in terms 
of the position and direction of the photons in phase space. The results will function as 
the theoretical basis to provide the data being necessary to design the x-ray multi-mirror 
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Chapter 4 Design of an X-ray Multi-Mirror Array  
 
4.1 Introductions 
This chapter presents the design concept and procedure of a multi-mirror array used to 
effectively collect and focus x-rays in synchrotron beamlines. In the main part of the 
chapter, the focusing scheme of a multi-mirror system designed base on the advanced 
micro/nano fabrication technologies is introduced firstly. Subsequently, the procedure to 
determine the parameters of each individual mirror in a multi-mirror array to effectively 
condense x-rays in synchrotron beamline are developed and presented.  
 
4.2 Scheme of a multi-mirror focusing system in synchrotron beamlines 
This section introduces the basic principle and configuration of a multi-mirror focusing 
system developed to condense x-ray beams emitted from synchrotron radiation sources.  
 
The primary idea of the proposed multi-mirror focusing scheme is to use a set of small 
mirrors to break down a wide divergent x-ray beam into many small beamlets. Each 
mirror collects and focuses a small beamlet of x-rays to a common point, so that the 
whole beam is intercepted and reflected to a common focus portion by portion.  
 
4.2.1 X-ray beam condensation in synchrotron radiation beamline 
As introduced and described in previous chapters, x-rays emitted from synchrotron 
radiation source is a fan-like beam which spreads widely in the plane of electron orbit 
and is confined in a small opening angle, θSR, in the plane perpendicular to the orbit plane. 
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Because of the large distance between a synchrotron radiation source and experimental 
stations, focusing optics are needed to collect and condense the divergent beam to a 
reasonable size at samples. In practical applications it is always desired to gather large 
percentage or all radiation and deliver higher flux beams. 
 
The conventional technologies use long reflective optics, like bent mirrors and adaptive 
mirrors, to efficiently condense the radiated beam in the principle of total external 
reflection to meet specific requirements for different applications. Using Kirkpatrick-
Baez geometry, these long mirrors can provide beam spot in the deep sub-micrometer 
range as reviewed in Chapter 2 of this thesis. However, the angular acceptance of these 
technologies is restricted by their small critical angle for total external reflection in x-ray 
region, so that a relatively long mirror would be required to fully collect the fan-like 
radiation from a synchrotron source. Referring to the cited example of the horizontal 
beam focusing in SINS beamline at SSLS given in Chapter 2 of the present thesis, a 
mirror length of about 6000 mm would be required to fully collect the 60 mrad radiation 
fan. It is, however, obvious that the calculated mirror size is out of manageable as it will 
bring in serious optical aberrations which result in a big broadening of the focal spot. In 
addition, it will also complicate the technological processes in mirrors fabrication. The 
actual size of the HFM mirror used in the SINS beamline is one meter in length, so that 
only 12 mrad out of the 60 mrad radiation are intercepted in the plane of the storage ring. 
The most radiation could not be captured and taken in use (Jung and Schäfers, 2001). 
Figure 4.1 gives a schematic illustration of synchrotron beam condensation by a single 
mirror in the plane of electron orbit, which is the most commonly used technologies in 
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existing synchrotron beamlines. As observed, only small part of the widely spread 
emitted beam is caught and focused. 
 
 
Figure 4.1 Schematic illustration of radiation collecting and focusing by a single mirror in 
the plane of electron orbit of synchrotron beamline. 
 
 
In order to capture the complete radiation fan for achieving higher beam flux, a focusing 
optic, which consists of a set of small reflection mirrors and functions as a long 
condensing mirror, is developed based on the advanced microfabrication techniques, such 
as deep x-ray lithography, as illustrated schematically in Figure 4.2. This specific design 













Figure 4.2 Schematic illustration of radiation collecting and focusing by a multi-mirror 
array in the plane of electron orbit of synchrotron beamline. 
 
 
In contrast to the existing condensing mirrors in beamlines, this small multi-mirror array 
intercepts and deflects full radiated beam in a manner of portion by portion. The optical 
aberration of a multi-mirror array, inducted by physical mirror size, is much smaller than 
that of single conventional mirrors due to the size of each individual mirror is very small. 
If the curvature of each reflecting surface is designed well and the position of each mirror 
is aligned properly, it becomes possible to conceive of all emitted rays being intercepted 
and co-focused to a common focus with high flux throughput. Comparing with long 
single condensing mirrors, the main attraction of this kind of multi-mirror focusing array 
is its capability to increase beam flux with its big total acceptance angle, which is the sum 
of the acceptance of all individual mirrors. Other attractions are its compact scale and 
high cost efficiency in manufacture as comparing with the long mirrors in existing 
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mirror array via DXRL and electroplating techniques is about 1/20 of that for the one-
meter Si HFM mirror used in SINS beamline at SSLS. 
 
4.2.2 Scheme of a multi-mirror focusing array 
The basic scheme of a one-dimension multi-mirror array proposed in the present thesis to 




Figure 4.3 Scheme of one dimensional multi-mirror focusing array. 
 
 
In the plane of the electron orbit, a stack of small mirrors is arranged in a line 
perpendicular to the beam propagation direction with the two outermost ones at the edges 
of the beam. All mirrors are aligned with a space in between and have the beam axis as 
their common optical axis. As the distribution of a beam is considered of symmetric 
about the beam axis, this multi-mirror set is designed to have a symmetric optical 
configuration. Each small mirror intercepts a small portion of radiated beam. The rays 
strike the mirror surfaces at a grazing angle less than the critical angle for total external 
SR beam  
Mirrors   
Source  
Focus  
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reflection are reflected to a common point (Focus). The direct rays, which are the rays 
propagating in the direction of the optical axis, can be excluded, if needed, by a small 
blocker putting at the center of the beam. With proper design of the position, inclination 
and surface curvature of each individual mirror, all or large percentage incoming rays can 
be effectively captured and co-focused portion by portion to the focus so that a bright x-
ray beam with high beam flux and small size can be expected. 
 
Each individual mirror takes an approximate triangular cuboid shape as shown in Figure 
4.4. Its curved sidewall serves as reflecting surface to deflect a small bunch of divergence 
rays into convergence. While its small front and back ends minimize incoming rays to be 
blocked by mirror structure and to be reflected by the opposite side of neighbor mirror, so 
that the acceptance angle of mirrors is maximized.  
 
 
Figure 4.4 Configuration of an individual mirror in multi-mirror array. 
 
 
All mirrors work in the principle of x-ray total external reflection from a smooth surface. 
High reflectivity can be achieved only for grazing incidence angles below a critical angle. 
In order to ensure that the grazing incidence angles of all rays arriving to every individual 
mirror are less than the critical angle, the curvature, inclination and position of each 
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mirror should be well designed and optimized with respect to the characteristics of 
synchrotron beam distribution.  
 
The advanced microfabrication techniques, such as deep x-ray lithography (DXRL), are 
employed to constitute the mirror structures by shaping triangle-like walls with high 
figure accuracy on top of a substrate as illustrated in Figure 4.5. Each wall has one curved 
side to be as a reflecting surface and each surface has its own curvature. A group of such 
walls constructs an one-dimension multi-mirror focusing array and is able to condense 
large percentage radiations with its maximal total acceptance angle in the plane 
perpendicular to the mirror walls only.  
 
 
Figure 4.5 Schematic view of the mirrors fabricated with advanced microfabrication 
techniques. The incoming rays are condensed in the plane parallel to the substrate plane. 
 
 
In order to focus x-ray beam both in horizontal and vertical planes, two crossed multi-
mirror arrays are used in Kirkpatrick-Baez geometry as shown in Figure 4.6, where the 
two mirror arrays perpendicularly orientated to each other and separated by a distance 
further downstream. The first mirror set is arranged symmetrically to the beam axis in the 
Source  
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plane of the orbit to collect and reflect the wider divergent radiation in horizontal 
dimension, while the second mirror set focuses the rays deflected from the first set in 
vertical dimension.  
 
Because the transverse size of an x-ray beam becomes bigger and bigger as it propagating 
from source due to its divergence, such a multi-mirror focusing device should be located 
closer to emission port of beamlines to confine the beam size in certain range for beam to 
be fully intercepted, and also for mirror structures to be fabricated via DXRL easily. 
 
 
Figure 4.6 Scheme of two-dimensional multi-mirror focusing system. 
 
 
The work in the present thesis will mainly focus on x-ray beam focusing in horizontal 
plane. Nevertheless, the design concept and fabrication route of a multi-mirror array 
developed for beam focusing in horizontal are suitable to that in vertical. The use of 
systems consisting of more than one multi-mirror array may be explored in future 
research to achieve stronger deflections and shorter optical distances. Moreover, this 
design concept can also be tailored to beam collimating, as well as be adapted to different 
kind of light sources.  
Focus  
Source  
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4.3 Design of a multi-mirror focusing array 
The main function of a multi-mirror focusing array proposed in previous section is to 
condense radiations from synchrotron radiation source to form a bright x-ray beam with 
high flux and small size. For obtaining this objective, the multi-mirror array should be 
designed according to the properties of synchrotron x-ray beam. 
 
In this section, the design procedure and analytical expressions of the parameters of a 
multi-mirror array are developed by using the results achieved in Chapter 3 of this thesis. 
Firstly, a basic multi-mirror array is analyzed to illustrate its essential principle and 
focusing property. Secondly, this optic is designed regarding its acceptance angle and 
focusing effects to effectively focus the x-rays from a point emission source. Thirdly, the 
parameters of the multi-mirror array, including the position, inclination, surface curvature, 
physical shape and geometric dimension of all individual mirrors, are further modified 
according to the specific emission characteristics of the x-rays from extended real 
synchrotron sources.  
 
4.3.1 Principle and property of a basic multi-mirror focusing array 
The essential principle and focusing property of a basic one-dimensional multi-mirror 
array is shown schematically in Figure 4.7, where a stack of planar mirrors is aligned in a 
line perpendicular to optical axis and with their reflecting surface against to the axis. This 
example serves to explain basic features while the design of individual mirrors would 
follow the shapes shown in Figs. 4.3 to 4.6. A bunch of x-rays coming from source S is 
split into small portions by the mirrors, and each individual mirror intercepts a small 
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portion of the incoming rays and reflects them to a common focus F. As the mirrors are 
parallel to the optical axis the distance between source and mirrors equals to that of 
mirrors to focus.  
 
 
Figure 4.7 Schematic illustration of the x-rays focused by a planar multi-mirror array. 
 
 
The focusing effect of the optic is based on the principle of x-ray total external reflection. 
All rays that enter the mirror array in their grazing incidence below the critical angle are 
effectively reflected. 
 
Optical geometry of reflection from an individual mirror, Mi, is shown in Figure 4.9, 
where αi is the grazing angle at the mirror, hi is the separation of the mirror from the 
optical axis, ∆αi is the angular acceptance for total external reflection, ∆mi is the angular 
aperture for intercepting section of mirror Mi, l is the length of mirror and d is the spacing 
between two adjacent mirrors. The source and focus distances are Ls and Lf, respectively. 
In this thesis we used the terms source distance and focus distance instead of the object 
distance and image distance used in Gaussian optics, because focusing is different from 
imaging. The focus of a beam is defined here as the beam waist, which have minimal size 
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along its path, at the image side, where the beam intensity spatial and angular profiles in 








In Figure 4.8, a small beamlet of x-rays with angular size ∆αi is intercepted by mirror Mi, 
and reflected to focus F with a focusing error which is inducted by the planar reflecting 
surface and has a maximum value of 2l. 
 
If assuming diffuse scattering from the mirror to be neglected, the reflection efficiency ηi 
of mirror Mi is defined as,   











                                                    (4.1) 
where, ∆αi(αi) and ∆mi(αi) are the apertures for total external reflection and for 
intercepting the mean section of the mirror Mi, respectively. 
 
Integrated reflection efficiency of whole multi-mirror array refers to the integral of the ηi 
over the full effective angular acceptance of the array.  
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The effective angular acceptance of the mirror array is essentially limited by the angle at 
which total external reflection at the mirrors no longer becomes possible. For a given 
critical angle θc there is a maximum grazing angle αmax, which is determined by 






                                                          (4.2) 
This, in turn, sets a maximum separation for the outmost mirror from the optical axis, 
                                                      max maxs s ch L L                                                    (4.3) 
This situation is illustrated in Figure 4.9.  
 
Figure 4.9 The maximum grazing angle αmax and separation for a mirror hmax. 
 
 
The rays entering the optic in the angle less than αmax could pass through the array in 
different ways as shown in Figure 4.10, where a proportion of the rays are blocked by 
their neighbor mirrors so that they are not able to be reflected into the focus. In addition, 
not all rays necessarily strike the mirrors and so, some of x-rays pass undeviated through 
the mirror array. In order to avoid unwanted cases (c) and (e) and for having a high x-ray 
flux throughput, therefore, it is necessary to properly determine the parameters of all 
individual mirrors to direct the unfocused photons toward the common focus F, and to 
maximize the effective angular acceptance ∆αi of each individual mirror to enhance the 














Figure 4.10 Schematic illustrations of different possible ray paths (a). (b) Absolute limit 
for single reflection; (c) beyond single reflection; (d) single reflection without rays to be 
blocked by the neighbor mirrors; and (e) rays passing undeviated through the mirrors. 
 
 
4.3.2 Design of a multi-mirror focusing array 
The basic multi-mirror focusing array is firstly designed with respect to the assumption of 
all x-rays coming from a point source. 
 
4.3.2.1 Position of the mirrors  
 
The first consideration to maximize the x-ray beam flux of a basic multi-mirror array is to 
effectively capture all rays arriving at the device, besides, to avoid the rays reflected at 
mirrors from being blocked by their neighbor mirrors or propagating unimpeded through 
the mirrors as showed in Figure 4.10 (c) and (e), respectively. In the present thesis, two 
approaches have been formulated to achieve this objective. In the first approach, length 
of all mirrors is fixed thereby overcoming the beam block or direct passage by recurrently 
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position of all mirrors is unaltered and length of each individual mirror is gradually 
shortened to eliminate the issue. The schemes are illustrated schematically in Figure 4.11 




Figure 4.11 Scheme of a length fixed multi-mirror set (half set). 
 
 
Figure 4.12 Scheme of a position fixed multi-mirror set (half set). 
 
 
Comparing the two schemes, a length fixed mirror set has less number of mirrors and 
each mirror has a bigger acceptance angle, while the focus size of a position fixed mirror 
set is smaller than that of a length fixed mirrors set because its shorter length of the 
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for both sets. Both schemes will be used for optimizing the acceptance of multi-mirror 
array.  
 
Figure 4.13 is an analytical scheme for deriving mathematical expression of a length 
fixed multi-mirror focusing array, in which the outmost mirror M0 is assumed to be 
located at P0, its coordinate is (L0, h0) in the base (L, H) with origin at source point S.  l 
represents length of the mirrors, αi represents the  incidence angle of x-ray at mirror Mi-1,  
while subscript i, 1, 2 … … N, are sequence number of the mirrors starting from the 
outmost one. Consecutively, a recurrence equation will be derived to determine the 
position coordinates (Li, hi) of each individual mirror.  
 
 
Figure 4.13 Analytical scheme of a length fixed multi-mirror array to optimize the 
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Initial condition:  
Mirror 0:                                                                                                     Equation (4.4) 
sL
h
tg 00   
sLL 0  
Recurrence equation: 































































































Terminal condition of recurrence 
                    if       
2
D
hi                    
                    end  
where,  
l is length of the mirrors; 
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Ls is the distance between the mirror array and source; 
h0 is the separation of the outmost mirror M0 from the optical axis; 
D is the fabrication technique limit of the smallest spacing between two adjacent 
    mirrors. 
 
The equations above are good for the half part of a mirror array only. Nonetheless, as the 
property of symmetric distribution of an x-ray beam emitted from synchrotron source 
with respect to the center line of the beam, position of the mirrors in another half part can 
also be determined by using the same equations if the center line of the beam is taken as 
the optical axis for the multi-mirror array. 
 
Using Equation (4.4), the position of each individual mirror in a multi-mirror array can 
consecutively be determined from the outmost to the inner mirrors. 
 
The configuration of this length fixed multi-mirror array, also called position shifted 
multi-mirror array, maximizes the total acceptance of the optic and can effectively 
intercept all rays arriving at the device, moreover, overcome the problem of the x-rays 
being blocked by their next mirrors. For each mirror in the scheme, its angular apertures 
∆αi(αi) and ∆mi(αi) for total reflection and for intercepting section are equal, so that its 
reflection efficiency ηi is 100% for zero thickness of the mirrors (see Equation 4.1). 
Therefore, the integrated reflection efficiency of this focusing device is considered, in 
terms of theory, to be 100% if physical size of the mirrors’ thickness and photon 
scattering at the reflecting surface are neglected.   
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4.3.2.2 Inclination of the mirrors 
The second consideration to enhance the focusing effect of a basic multi-mirror array is 
to focus the x-rays coming from source S to arbitrary distances from the mirrors. As 
illustrated in Figure 4.7, source distance and focus distance of a basic planar multi-mirror 
focusing array are equidistant. If the mirrors are tilted with respect to their optical axis, 
then essentially an arbitrary focus distance Lf may be obtained. This case is illustrated in 




Figure 4.14 Schematic illustration of x-rays focused to arbitrary focus distances by a 
tilted planar multi-mirror array. 
 
 
More specifically, the angular inclination ωi of mirror Mi with respect to the optical axis 
in a position shifted multi-mirror array for a desired focus distance Lf can be derived from 
the optical geometry as shown in Figure 4.15. 
S F 
Mirrors 




Figure 4.15 Optical geometry of a single reflection from a tilted individual mirror in a 
position shifted multi-mirror array. 
 
 
For small value hi <<Ls and Lf (which is true for all practical cases) 
 
 

































2                                        (4.5) 
where,  
ωi is the angular inclination of mirror Mi with respect to the optical axis; 
θi is the grazing angle of x-ray at mirror Mi;  
hi is the separation of mirror Mi from the optical axis; 
Li  is the distance between mirror Mi and the source; 
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Eliminating θi from Equation (4.5), with approximation 1cos i for small value ωi, 
results in the angular inclination of mirror Mi,    
 



















                                          (4.6) 
 
 
Using Equation (4.6), together with Equation (4.4), the angular inclination of each 
individual mirror in a position shifted multi-mirror array to focus x-rays to a desired 
focus distance Lf can be determined. 
  
A special case of equation (4.6) occurs when Lf  = ∞ and corresponds to the production of 
a quasiparallel x-ray beam from a point source as shown in Figure 4.16. This is the case 
of a collimator. 
 
Figure 4.16 Schematic illustration of the production of a quasiparallel x-ray beam from a 





Chapter 4 Design of an X-ray Multi-Mirror Array  
93 
 
Eliminating ωi from Equation (4.5), with approximation 1cos i for small value ωi, 
gives the grazing incidence angle at mirror Mi,    
 



















                                     (4.7) 
 
Using Equation (4.7), together with Equation (4.4), the grazing incidence angle at each 
tilted individual mirror in a position shifted multi-mirror focusing array can be calculated. 
 
4.3.2.3 Curvature of the mirrors 
In previous sections analytical expressions for the parameters, in terms of mirrors’ 
position and inclination, of a planar multi-mirror array for focusing x-rays from a point 
source were derived. As depicted that x-rays captured by a flat mirror are deflected by an 
angle of 2θ, here θ is the grazing angle of incident ray. To focus a divergent x-ray beam 
curved reflecting surfaces must be used. Of several of curved shapes elliptical cylinder is 
an ideal surface profile for the mirrors to achieve real focusing effect because rays 
emitted from one point focus of ellipse are perfectly reflected into a second focus.  
 
A set of confocal elliptical mirrors is shown in Figure 4.17 schematically, where all x-
rays from a light source placed at one common focus F1 converge to the second common 
focus F2 after reflection on the mirrors. 










Figure 4.18 Optical geometry of reflection from an elliptical mirror in a position shifted 
multi-mirror focusing array. The mirror is part of an ellipse. 
 
 
Figure 4.18 schematically shows the optical geometry of a single reflection from an 
elliptical mirror in the position shifted multi-mirror focusing array. The profile of the 
elliptical mirror bases on an ellipse its foci corresponding to the source and focus 
Focus (F2) Source (F1) 
Mirrors 
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distances of the optical array. Determining the ellipse is performed by using the equation 
of an ellipse which can be written, in the Cartesian coordinate (x, z) defined in Figure 
4.18, as 











                                                     (4.8) 
 
For desired source and focus distances Ls and Lf, the semi-major and semi-minor axes of 
























                   (4.9) 
 








Lhssb      (4.10) 
 
where,   
θi is the incidence angle at mirror Mi, which can be calculated by Equation (4.7); 
hi is the mirror separation from the optical axis; 
Li  is the distance between mirror Mi and the source; 
Ls and Lf are source and focus distance of the mirrors set, respectively. 
 
Using Equation (4.8), (4.9) and (4.10), together with Equation (4.4), the profiles of all 
elliptical reflecting surfaces can be determined.  
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4.3.3 Advanced design of a multi-mirror focusing array 
Although the design of a multi-mirror focusing array discussed in Section 4.3.2 can 
effectively increase the total acceptance angle of the optic, enhance x-ray flux throughput 
and improve its focusing effect, the analysis and expressions of the parameters of the 
mirror array are held for effectively collecting and focusing the x-rays from a point 
source only. As is known, a real synchrotron radiation source is actually extended and 
photons radiate from all emission points of the extended source in different directions as 
discussed in Chapter 3. Figure 4.19 shows schematically the emission of photons from an 
assumed point source and an extended synchrotron source. In order to effectively capture 
and properly focus all photons emitted from an extended source, the analysis and 
expressions of the parameters of the mirrors given in Section 4.3.2 must be modified 
according to the specific emission characteristic of the x-rays from an extended 
synchrotron radiation source.   
 
 
Figure 4.19 Schematic illustration of the emission of x-rays from (a) a point source, and 
(b) an extended synchrotron source. 
 
 
The design procedure of a multi-mirror array to focus x-rays from synchrotron radiation 
source takes three steps: 
(a) (b) 
 
Chapter 4 Design of an X-ray Multi-Mirror Array  
97 
 
(1) Using the mathematical model built in Chapter 3 to represent the synchrotron 
radiation source, and then using the transformation equation (3.41) to find out the 
phase space representation of the radiated x-ray beam at the location where a multi-
mirror array being positioned in beam transport line.  
 
(2) Preliminarily calculating the approximate position of the mirrors in the multi-
mirror array with Equation (4.4) to determine the seperation of each indivadul 
mirror from the optical axis, hi. Corresponding to each value of hi the maximum 





iX , at every mirror 







iX to determine the parameters of the mirrors in terms of 
their position, inclination and curvature to effectively collect and focus the x-rays 
from an extended synchrotron source. 
 
 
4.3.3.1 Phase space representation of x-ray beam in synchrotron beamline   
As discussed in very detail in Chapter 3, the distribution of photons radiated from a 
synchrotron radiation source can be best described with phase space method. Phase space 
representation of x-ray beam takes into account full information about all photons in the 
beam and can provide the data being necessary to design a multi-mirror array for 
effectively focusing the x-rays in synchrotron beamline. 
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Figure 4.20 Horizontal phase space representation of the x-ray beam at the location of 
1200 mm from the storage ring in EPD beamline at SSLS. The related parameters can be 
found in Table 3.1 and Table 3.2. (a) Phase space representation of the horizontal x-ray 
beam. (b) Enlarged showing of the horizontal phase space representation of the x-ray 
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For example, the phase space representation of the x-ray beam at a distance of 1200 mm 
form storage ring in EPD beamline at SSLS is presented in Figure 4.20, which is 












. If a multi-mirror focusing device is arranged in a line 
perpendicular to the beam axis at the same place in the beamline, the divergence angle of 
a small beamlet arriving at a mirror located 4 mm away from the optical axis can be 
found out from the phase space representation of the beam, which is 0.002789 ~ 
0.003894 rad marked in Figure 4.20(b). The values of these divergences are then used to 
determine the position, inclination and surface curvature of that particular mirror to 
effectively focus the small beamlet.  
 
A general schematic diagram of the phase space representation of an x-ray beam from a 
synchrotron source is given in Figure 4.21, in which the X-axis and X'-axis represent the 
displacement and angular divergence of the photons with respect to the center line of the 
beam, respectively. It can be seen from the figure that every value of X corresponds to a 
specific range of value of X'. That means for a given position in a beam there is a bunch 
of photons arriving at that position in different directions, and the maximum and 
minimum angular divergences of the incoming photons can be found out in the phase 
space representation of the beam. Suppose that a mirror is positioned at Xi, i = 1, 2, 3…… 
N, then the biggest and smallest grazing incidence angle of a bunch of incoming rays at 









iX  at all Xi, 
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the parameter determination of a multi-mirror array for focusing the x-rays from an 
extended synchrotron source can be carried out as presented in the following sections. 
 
 
Figure 4.21 General schematic diagram of the phase space representation of an x-ray 
beam emitted from synchrotron source. 
 
 
4.3.3.2 Preliminary analytical calculation of approximate position of the mirrors  
Suppose that a length fixed planar multi-mirror array is located in beamline at a distance 
of Ls from a synchrotron source, then the  separation of each mirror from the optical axis 




00 tgXtg   
sLL 0  
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where, l is the length of the mirrors and 
max
'
0X is the maximum beam divergence which 
can be calculated by using Equation (3.27) with max'' SRSR xx   and φ = 0. 
 
It is noted that hi actually corresponds to the coordinate of Xi in the phase space 
representation of a beam, Xi = hi. For each value of Xi, as discussed in previous section, 






iX , can be found out in the phase space representation of the beam at the location of 
the multi-mirror array in beamline. 
 
4.3.3.3 Advanced design of a multi-mirror focusing array 
Similar to the analysis in Section 4.3.2, a length fixed multi-mirror array is design  in 
terms of the position, inclination and curvature of the mirrors to effectively collect and 
focus the x-ray beam coming from an extended synchrotron source. 
 
4.3.3.3.1 Position of the mirrors 
The optical geometry of focusing action at the mirrors is schematically illustrated in 
Figure 4.22, in which the outmost mirror M0 is assumed to be located at P0, and its 
coordinate is (L0, h0) in the base (L, H) with origin at source point S. li represents the 
length of mirror Mi, di represents the spacing between two adjacent mirrors Mi and Mi-1, 
while Subscript i, 1, 2 … … N, are sequence number of mirrors starting from the outmost 
one. αi max and αi min represent the maximum and minimum incidence angles of a small x-










 ii X . In order to maximize the acceptance of the mirror array, the horizontal 
coordinate of each mirror Li and the mirror length li must be changed if the vertical 
coordinate of the mirrors hi kept unaltered. A recurrence equation (4.12) will be given in 
below to determine the coordinate Li and length li of each individual mirror. 
 
Figure 4.22 Analytical scheme of a length fixed multi-mirror array to optimize the 
acceptance angle of mirrors for focusing x-rays from an extended source (half set). 
 
 
Initial condition:  
Mirror 0:                                                                                                      Equation (4.11) 
sLL 0  
max
'
00 tgXLh s  
ll 0  
Mirror i:  






























































Mirror i+1:  

















































Terminal condition of recurrence 
                    if       
2
D
hi                    
                    end  
where, 
 Ls is the distance between the multi-mirror array and the source; 
 l   is the optimal length of the outmost mirrors, which is used as starting mirror  
length in preliminary calculation of  approximate position of the mirrors;  
 D is the fabrication technique limit of the smallest spacing between two adjacent 
     mirrors; 
 hi is the separation of mirror Mi from the optical axis; 





0X  is the maximal beam divergence at the multi-mirror location in beamline 
max
'
iX  is the maximal beam divergence at mirror Mi; 
min
'
iX  is the minimal beam divergence at mirror Mi; 
 ti is the maximum height of the triangular space between two adjacent mirror Mi 
    and Mi-1, shadowed in light blue. There are no rays passing through inside that 
   area. 
 
4.3.3.3.2 Inclination of the mirrors 
The angular inclination of the mirrors to focus the x-rays coming from a synchrotron 
source to an arbitrary focus distance can be determined by Equation (4.6). Nevertheless, 
the fixed length of each mirror l in Equation (4.6) must be replaced by individually 
modified mirror length li according to the x-ray emission characteristics of the extended 
source, which can be calculated by using Equation (4.11). Therefore, the inclination angle 
of each mirror ωi for a desired focus distance Lf is 
 






















                                    (4.12) 
where,  
hi is the separation of mirror Mi from the optical axis. It can be determined by 
Equation (4.4); 
li is the length of mirror Mi, which can be determined by Equation (4.11);  
Li  is the distance between mirror Mi and the source; 
Ls and Lf are source and focus distance of the mirrors set, respectively. 
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4.3.3.3.3 Curvature of the mirrors 
Same as the analysis presented in Section 4.3.2.3, ideal surface profile of the mirrors is 
elliptical cylinder, and the profile bases on an ellipse its foci corresponding to the source 
and focus distances of the optical array. The equations derived to determine the mirror 
profile for focusing the x-rays coming from an assumed point source, Equation (4.8), (4.9) 
and (4.10), are still valid for the x-rays from extended source. However, the fixed mirror 
length l in Equation (4.9) and (4.10) need to be replaced by li calculated by using 
Equation (4.11). Besides, the grazing incidence angle θi in Equation (4.10) can not be 
calculated by directly using Equation (4. 7) as the rays coming from the extended source 
arrive at every point of a mirror in different directions.  
 
 
Figure 4.23 Schematic illustration of the optical paths of incoming x-rays at a single 
mirror with respect to an extended synchrotron radiation source. 
 
 
Figure 4.23 schematically illustrates the optical paths of the incoming x-rays at a single 
mirror of a multi-mirror focusing array. From the optical geometry the grazing incidence 
angle of a specific ray which is supposed to be the center ray of the small bunch beam 
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                                                              iii                                                       (4.13) 
where,  
ωi is the angular inclination of mirror Mi ; 
αi is the incident angle of the specific ray before the mirror been tilted, and can be 
approximated by     
















 ii X , so that  
 









X                                        (4.14) 
 
Plugging (4.12) and (4.14) into (4.13), have the grazing incidence angle after mirror been 
tiled   

































            (4.15) 
 
So, for desired source and focus distances Ls and Lf, the profile of the elliptical mirrors 
can be determined by 
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Lhb                (4.17) 
 
 and hi is determined by Equation (4.4) and li is determined by Equation (4.11).  
 
Thus far, we have discussed and presented the design procedure of a multi-mirror array 
for focusing the x-rays from a real synchrotron radiation source to an arbitrary location in 
beamline. The expressions of mirror parameters are summarizes in Table 4.1. By using 
those equations, the position, angular inclination and reflecting surface curvature of each 
individual mirror can be determined to produce an x-ray beam with small focus size and 
high flux.  
 
The developed multi-mirror array also can be used to form a high-brilliance collimated x-
ray beam if the parameters of the mirrors in the array are calculated under the special case 
of Lf  = ∞ in the equations derived in Section 4.3.3.3. It is useful for the research and 
industrial applications with collimated x-ray beam required. For example for the 
telecentric optical set-ups in case the position of the focus needs to be varied. 
 
 
Chapter 4 Design of an X-ray Multi-Mirror Array  
108 
 
Table 4.1 Expressions of the parameters of a multi-mirror array for focusing x-ray 
radiations from synchrotron radiation source. 
Parameters   Expressions of  the Parameters 
  
Position 
 Ls: distance between the mirror array and source; 
  D: Fabrication technique limit of the smallest spacing between two 












iX : the minimum beam divergence at mirror Mi ; 
 
Initial condition:  
Mirror 0:                                                                                            (4.11) 
sLL 0  
max
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tgXLl s   
Mirror i:  





































Mirror i+1:  




















































Terminal condition of recurrence 
if       
2
D
hi                    
end  
where, 
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4.3.4 Determination of geometric shape and dimension of the mirrors 
4.3.4.1 Geometric shape and dimension of the mirrors 
In so far, we have not considered the effects of mirror shape and dimension on the 
focusing. As mentioned in section 4.2.2, an individual mirror in the proposed multi-
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mirror focusing array takes a shape of approximate triangle from top view. We are now in 
a position to determine the geometric shape and dimension of the mirrors rigorously.  
 
From a theoretical point of view, in order to maximize x-ray flux throughput the optical 
open area at the entrance and exit of a multi-mirror device should be a large percentage of 
the total structure area to allow more rays to enter the optical device and minimize the 
incoming rays to be blocked by the entrance ends of mirror walls, besides to avoid the 
rays to be reflected by the opposite side of next mirrors. Simple geometry of the multi-
mirror focusing scheme represented in Figure 4.22 in Section 4.3.3.2 shows a series of 
triangular areas formed between every two adjacent mirrors, as marked in light blue. It 
can be observed that no rays pass through that area. A mirror confining to the dimensions 
of no ray area has been suggested to be placed within that area. Combining with the 
optimal elliptical profile of reflecting surface discussed in section 4.3.3.3, an isosceles 
triangular structure with extruded face and elliptical sidewall has been proposed as the 
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The curvature of the reflecting surface of each mirror was determined in Section 4.3.3.3. 
The length of each mirror Li can take the same value of li, which can be calculated by 
using Equation (4.11). The thickness of a single mirror Ti should not be bigger than the 
height of the corresponding no ray space ti, which can also be calculated by using 
Equation (4.11). While the height of all mirrors Hm are same. This is required by the 
features of mirror fabrication techniques. Hm must be larger than the vertical beam size at 
the location where the multi-mirror array being positioned. The smallest value of Hm can 
be determined by  




YLYH                                           (4.18) 
 where, Ls is the distance between the mirror set and the source, maxSRY  and max
'
SRY are  
half of the transverse size and maximum divergence of the x-ray beam in vertical 
direction at source, respectively. Both can be found out in the vertical phase space 
representation of the source, which was discussed and presented in Section 3.3.3 of 
Chapter 3. 
 
From a fabrication point of view, all mirror structures must be thick enough to support 
the curved reflecting surface stably. The smallest spacing of two adjacent mirrors must be 
larger than the limit of fabrication techniques. In addition, the size of both front and back 
ends of a mirror, ∆t, cannot be too small or they will be very fragile. For a mirror Mi, the 
x-ray throughput efficiency reduced by its front end thickness ∆t can be estimated by 





                                                      (4.19) 
where, di is the distance between mirror Mi  and mirror Mi+1. 
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4.3.4.2 Size of a multi-mirror array 
A multi-mirror array should be designed to envelop x-ray beam in full, so that its size is 
determined by 




XLXH                                       (4.20) 
where, Ls is the distance between the mirror set and the source, maxSRX  and max
'
SRX are 
half of the transverse size and maximum divergence of the x-ray beam in horizontal 
direction at source, respectively. Both can be found out in the horizontal phase space 
representation of the source, which was discussed and presented in Section 3.3.3 of 
Chapter 3. 
 
Because the transverse size of an x-ray beam becomes bigger and bigger as it propagating 
from source due to its divergence, multi-mirror focusing device should be located closer 




In this chapter, a multi-mirror focusing scheme has been developed to condense x-ray 
beam emitted from synchrotron radiation sources to form a bright x-ray beam with high 
flux and small beam size. This x-ray condensing device consists of a group of small 
mirrors, and is designed base on the advanced microfabrication technologies developed 
for microelectronics industry. The basic principle and focusing property of a multi-mirror 
array are to use a set of small mirrors to split a wide x-ray beam into many small 
beamlets, each mirror captures and reflects a small beamlet of the x-rays, and the whole 
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beam is intercepted and focused to a common focus by the mirrors portion by portion. All 
mirrors work in the principle of x-ray total external reflection.  
 
The design procedure and the analytical expressions of the parameters of each individual 
mirror have been developed according to the specific characteristics of photon emission 
in synchrotron source. The design procedure includes three steps: (1) representing x-ray 
beam at the location of multi-mirror array in beamline by using the mathematical model 
and the transformation equations presented in Chapter 3; (2) preliminary calculating the 
approximate position of mirrors in the multi-mirror array to find out the maximum and 
minimum angular divergences of each small x-ray beamlet at every individual mirror 
from the phase space representation of the beam; (3) determining the parameters of all 
individual mirrors in terms of their position, inclination and curvature to effectively 
collect and focus the x-ray beam. 
 
The developed multi-mirror focusing array provides a cost-effective means to produce a 
bright x-ray beam with high beam flux and small size as compared with conventional x-
ray condensing elements. 
 




Chapter 5 Fabrication of Multi-Mirror Structures 
 
5.1 Introduction 
This chapter explores microfabrication technologies for making multi-mirror focusing 
devices as developed in chapter 4. A systematic description has been made in fabrication 
processes and materials employed in producing thick high-aspect-ratio multi-mirror 
structures. This chapter is being elucidated in the following order. Firstly, the mirror 
fabrication procedure and materials have been clearly explained under Section 5.2, 
followed by the mask fabrication Section 5.3 which includes an in depth explanation of 
x-ray mask fabrication processes under sub Sections 5.3.1 and 5.3.2 respectively. The 
details on fabrication processes for high-aspect-ratio multi-mirror structures are described 
with results under Section 5.4. The reflection surface examination results of the 
fabricated mirror structures are presented in Section 5.5. 
 
5.2 Fabrication procedures and materials of multi-mirror structures 
As presented in previous chapter, the developed multi-mirror array has a compact fine 
structure, and each mirror in the array has its own position, inclination and curvature. The 
accuracy requirements in mirror reflecting surface profile for achieving the best focusing 
effect, and the requirement of a large mirror height in order to fully intercept the 
incoming rays for obtaining high x-ray flux throughput make the mirror fabrication very 
challenging and require the most advanced techniques. Various processes such as 
anisotropic wet etching, deep reactive-ion etching or lithographic processes, like optical 
lithography and x-ray lithography, can be used to achieve vertical structures (Uenishi et. 




al., 1995; Krause and Obermeier, 1995; Zubel and Kramkowska, 2001; Agarwa et al., 
2006; Kazuya Yamamura et al., 2003). Among these microfabrication technologies, deep 
x-ray lithography (DXRL) is the most suitable one to manufacture the developed multi-
mirror structures as it can produce thick high-aspect-ratio micro structures with accurate 
lateral shape and smooth vertical sidewalls (Becker et al., 1986; Hruby, 2001). Minimum 
lateral dimensions in the micrometer range and an aspect ratio of more than 100 are 
commonly achievable with DXRL.  
 
The materials used to constitute the mirror structures must be the kind of photoresist 
which can process high polymerization efficiency upon x-ray irradiation and adequate 
reactivity at the x-ray wavelength to achieve high contrast, high resolution and high 
sensitivity. It also must have high Young’s modulus after processing to guarantee 
mechanical stability of the lithographic structures and low shrinkage during 
polymerization for dimensional accuracy and to avoid film stress. Among a number of 
commercially available photoresists, SU-8 is considered to be the first choice to make the 
multi-mirror structures as it is sensitive to x-ray irradiation and can yield excellent 
lithographic quality with high resolution, high precision and low surface roughness 
(Campo and Greiner, 2007; Bogdanov and Peredkov, 1999). Young’s modulus of 
irradiated SU-8 resist structures via lithographic process is in a range of 4~4.2 GPa 
(Lorenz at al., 1997; Singh at al., 2010; Kia at al., 2013). 
 
SU-8 is a negative tone, chemically amplified resist. The epoxy-based SU-8 resist have 
excellent thermal and chemical stability, adhesive strength and stress corrosion resistance. 




Upon light irradiation, the acid–labile groups and a photoacid generator contained in the 
resist generates a low concentration of a strong acid which will act as a catalyst of the 
cross-linking process. Subsequent heating of the resist activates cross-linking and 
regenerates the acid catalyst. As a consequence, the sensitivity of the resist is 
significantly increased. In particular, the main components of SU-8 are a Bisphenol A 
Novolak epoxy oligomer and up to 10 wt% triarylsulfonium hexafluoroantimonate salt 
photoacid generator. Upon irradiation, the photoacid generator decomposes to form 
hexafluoroantimonic acid that protonates the epoxides on the oligomer. These protonated 
oxonium ions are available to react with neutral epoxides in a series of cross-linking 
reactions after application of heat (Teh et al., 2005). Each monomer molecule contains 
eight reactive epoxy sites and therefore high degree of cross-linking can be obtained after 
photothermal activation giving a negative tone. This results in high mechanical and 
thermal stability of the lithographic structures after processing. The physical properties of 
the SU-8 photoresist are listed in Table 5.1(MicroChem , www.microchem.com). 
 
  Table 5.1 Physical properties of the SU-8 photoresist. 
Property value 
Adhesion Strength (mPa) Silicon/Glass/Glass & HMDS 38/35/35 
Glass Transition Temperature (Tg°C), tan δpeak 210 
Thermal Stability (°C @ 5% wt. loss) 315 
Thermal Conductivity (W/mK) 0.3 
Coeff. of Thermal Expansion (CTE ppm) 52 
Tensile Strength (Mpa) 60 
Elongation at break (εb%) 6.5 
Dielectric Constant @ 10MHz 3.2 
 




The x-ray mask used in DXRL process is the most important component for making high 
accuracy mirror profile and smooth reflection surface. In this thesis, the x-ray masks used 
to produce thick high-aspect ratio multi-mirror structures were fabricated in two kinds of 
techniques as listed in Figure 5.1. Besides, an optical mask was also fabricated for 
making the mirror structures via UV lithography. Each of these masks offers different 




Figure 5.1 Fabrication procedures of three masks used for fabricating the multi-mirror 
structure in the present thesis. 




There are also two options for making the final multi-mirror structures: either to leave the 
structure made of SU-8 resist and then coat the resist mirror surfaces with fine metallic 
film by deposition or evaporation of high-Z metal, or to produce a corresponding pits 
structure made of the resist and fill it by metal electrodeposition process. In the present 
project, the final mirror structures were made of the SU-8 resist coated with a 100 nm of 
Au film. In practical application, metal mirror structures are performed as metal mirrors 
have higher physicochemical stability.  
With the selected fabrication techniques and materials, three routes were taken in 
fabrication of SU-8 multi-mirror structures in this thesis as schematized in Figure 5.2.  
 
 
Figure 5.2 Three fabrication routes used for making multi-mirror structures. 
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5.3 Mask fabrication  
Lithographic masks consist of absorber patterns supported by highly light transparent 
substrates. The absorber structure prevents light from penetrating into the photosensitive 
resist. In this work, gold (Au) was selected as material for the absorber layer to make the 
two x-ray masks for fabricating multi-mirror structures via DXRL. This is because Au 
has excellent physicochemical stability and can absorb x-rays efficiently as it has high 
atomic number. The Au absorber pattern of graphite x-ray mask is supported by 200 μm 
thick graphite wafer, while the substrate material of PBW x-ray mask is 1 μm thick Si3N4 
membrane framed by 200 μm thick silicon (Si). The absorber material used in the optical 
mask is chrome (Cr), which is coated on a Soda lime glass. The detail descriptions on the 
fabrications of the graphite x-ray mask and the proton beam writing x-ray mask are 
presented in following section, while the fabrication process of the Cr optical mask is 
given in Appendix 4. 
 
5.3.1 Graphite x-ray mask 
The fabrication of the graphite x-ray mask takes two pattern transfer processes: the first 
transformation is to duplicate the pattern from a Cr optical mask onto an intermediate x-
ray mask with the Au absorber pattern thickness up to 15 μm. The second transformation 
is to copy the pattern from the intermediate x-ray mask onto a 65 μm SU-8 layer to make 
a working x-ray mask with 45 μm thick Au absorber pattern on graphite substrate. This 
working x-ray mask was used in fabrication of a lamella multi-mirror structure height up 
to 1.2 mm via DXRL. Graphite substrates accommodate both the intermediate mask and 




the working mask. The fabrication flow of this graphite x-ray lithography mask is 
illustrated in Table 5.2.  
 
The fabrication process of the graphite x-ray mask begins from the fabrication of an 
optical mask; it follows the fabrication process of the Cr optical mask described in 
Appendix 4. 
 
The fabrication of the intermediate x-ray mask begins with the surface preparation of a 
4''graphite wafer with thickness ranging from 200 to 260 μm. The two sides of the wafer 
are grinded to reduce its thickness and remove contaminants. After thoroughly cleaning 
the graphite substrate with isopropyl alcohol (IPA) and dehydrating in oven at 60 
o
C for 2 
hours it is coated with 20 nm of Cr followed by 50 nm Au to reduce the surface porosity 
of the membranes and improve resist adhesion. An optimized SU-8 processing method is 
used to coat 25 μm thick SU-8 resist layer on the graphite substrates. Exposure is carried 
out on Karl Suss Mask aligner MA8 at 365 nm (i-line) wavelength. After post baking, the 
resist is developed by immersion into SU-8 Developer. At the completion of the 
development process, the resist is rinsed with IPA and de-ionized (DI) water. Then it is 
hanged into a gold sulfite based electrolyte solution to grow a 15 μm thick Au absorber 
pattern inside the resist trenches on the graphite substrate. During the plating, the 
temperature of the water heat bath was kept at 60 ºC and the plating current density was 
set at a constant value of 2.5 mA/cm
2
. A magnetic stirrer was used to provide agitation 
throughout the plating process which improved uniformity of the solution. Deposition 
speed was about 1 μm of plated Au every 5 minutes.   






Figure 5.3 Optical images of the 4'' graphite x-ray mask, together with the corresponding 
5'' Cr optical mask and 4'' graphite intermediate x-ray mask. The Au absorber pattern on 
the intermediate mask and working mask are 15 μm and 45 μm, respectively.  
 
 
To make the working x-ray mask, an x-ray exposure was performed on the Oxford 
Danfysik scanner in the LiMiNT (Lithography for Micro-and nano Technology) beamline 
at SSLS. The facility and infrastructure are presented by H. O. Moser (Moser et al., 
2006). The fabrication process for make this working x-ray mask is same as that used for 
intermediate mask, except the UV exposure in intermediate mask process was substituted 
by an x-ray exposure to produce a thick SU-8 structure with high precision structural 
quality. The optical images of the graphite x-ray mask, together with the corresponding 
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   Table 5.2 Fabrication process flow of the graphite x-ray mask. 
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to copy the pattern onto the 60 μm 















12. 45 μm Au structure is electroplated 





    
 
 
5.3.2 Proton beam writing x-ray mask 
PBW x-ray mask utilizes proton beam writing (PBW) technology (Osipowicz et al., 
2000; Van Kan et al., 2004) to directly generate a multi-mirror pattern onto the resist 
coated on a 1 µm thick Si3N4 membrane. Its fabrication process is schematically 
described in Table 5.3 and was conducted in collaboration with the Centre for Ion Beam 
Applications (CIBA), National University of Singapore. The facility and infrastructure 
have been introduced by Watt F et al. (Watt et al., 2003). 
 
The Si3N4 membrane is supported by a 200 μm silicon frame as the substrate to hold the 
Au absorber pattern. The Si3N4/Si substrate was purchased from Silson Pte Ltd, UK. As 




received, the Si3N4 membrane was coated on both sides of an unetched silicon wafer. The 
front side of the silicon nitride was coated with a 10 nm Cr layer serving as an adhesion 
layer, and followed by a 40 nm Au layer serving as the seed layer for gold electroplating 
with magnetron sputtering. Then the substrates were spin coated with the PMMA resist to 
a thickness of about 20 μm. In the PBW process, a focused 2 MeV proton beam with spot 
size Ø800 nm scanned in a predetermined mirror pattern over the positive tone PMMA. 
The PMMA pattern was developed by immersion into a G-G developer for up to 40 min 
at temperature of 20 ºC. The G-G developer is a mixture of 60 vol% butoxyethoxyethanol, 
20 vol% tetrahydro-oxazine, 15 vol% water and 5 vol% aminoethanol. After completing 
the development process, the sample was rinsed with de-ionized (DI) water, and then put 
into the gold electrolyte solution MICROFAB Au 100 to electroplate Au pattern up to 11 
μm in the PMMA structure. The plating deposition speed was about 1 μm of plated Au in 
every 5 min. When a sufficient thickness of Au had been deposited, the PMMA around 
the gold structures was removed by immersion in toluene at 40 ºC. The final step is back 
side Si wet etching with a concentrated KOH (30% by weight) solution at 80 ºC. At the 
completion of the Si etching process, the sample was thoroughly rinsed with de-ionized 
(DI) water. The schematic of the PBW x-ray mask and the reflection mode optical image 
of the multi-mirror pattern on the mask are shown in Figure 5. 4. 
 
 
Figure 5.4 PBW x-ray mask. (a) Schematic illustration of the mask, the Si3N4 membrane 
is framed by silicon, (b) optical image of the Au multi-mirror pattern on Si3N4 membrane. 
The length and the height of the triangular pattern are 4000 µm and 100 µm, respectively. 




  Table 5.3 Fabrication process flow of the PBW x-ray mask. 
 
 
1. Coating conductive layers (Au 40 
nm/Cr 10 nm) onto the front surface 






2. Spin coating 20 μm PMMA onto the 

























   
 
 





















The absorber pattern quality of the masks depends on the techniques and processes used 
in mask fabrication. For the Cr optical mask, its 800 Å thick chrome metal-absorbing 
pattern was generated by a laser beam scanning over the resist AZ with spot size 1.6 μm. 
After developed, the AZ pattern functioned as open windows on top of the chrome layer 
to selectively remove uncovered Cr by chemical wet etching to form a Cr pattern. This 
mask is often used in UV lithography for making thin resist structures. As the depth of 
the focused UV beam is relative small, it may result in a big sidewall slope for the thick 
resist structures.   
 
Same as the Cr optical mask, the pattern of the graphite x-ray mask was also generated by 
laser writing. Nevertheless, the Au absorber pattern on the working mask copies the Cr 
pattern through the intermediate x-ray mask by using x-ray lithography. Unlike UV light 
shines on the whole pattern area in UV exposure process, x-ray exposure utilizes a highly 
collimated x-ray beam scanning over the pattern area. It can produce a thick resist pattern 
with shape and straight sidewall. As the thick Au pattern of the working x-ray mask 
grown in the resist structure, the two pattern transferring processes applied in graphite x-
ray mask fabrication produced the 45 μm thick Au absorber pattern without significant 
loss of structural quality.   
 
Comparing with the graphite x-ray mask, the pattern on the PBW x-ray mask was directly 
generated in one single step by applying the proton beam writing technique, no pattern 
transfer in the process. The features of straight trajectory and high penetration of the 




proton beam in the resist, as well as the small beam spot size Ø800 nm result in the PBW 
mask with very high lateral resolution and extremely smooth absorber edge. Using this 
PBW mask, a thick high-aspect-ratio resist or metal mirror structures with extremely 
smooth sidewalls is expected to be achieved via DXRL. However, proton beam writing 
process is much slower than laser writing pattern generation. It is not easy to write a big 
size mask with good quality at one time, so pattern stitch process may be needed for 
making a large size PBW mask. Therefore, PBW x-ray mask is suitable for smaller 
pattern area, whereas the laser writing graphite x-ray mask and Cr optical mask are good 
for large pattern area.  
 
5.4 Fabrication of multi-mirror structures  
The pattern transfer of deep x-ray lithography and UV lithography with the negative tone 
photoresist SU-8 is illustrated in Figure 5.5, in which the designed geometric layout of a 
multi-mirror array is transferred from a mask, which was made by the techniques 
presented in Section 5.3, onto the light sensitive chemical resist SU-8 by x-ray or UV 
radiation. This process selectively removes parts of SU-8 and leaves a resist mirror 
structure on the substrate. The processing steps for the multi-mirror structures fabrication 












Figure 5.5 Pattern transformation of DXRL or OL with the negative photoresist SU-8. (a) 
















5.4.1 Fabrication of lamellar mirrors via DXRL by using graphite x-ray mask 
A SU-8 lamellar structure, serving as a simplified prototype of the developed multi-
mirror array, was fabricated via DXRL by using the graphite x-ray mask.  
 
A 4'' Si wafer was used as the substrate for holding the lamellar structures. This Si wafer 
was firstly plasma cleaned with argon and oxygen to enhance the adhesion between SU-8 
resist and Si substrate. Then about 12 ml high viscosity SU-8 2150 was directly poured 
onto the Si wafer to prepare a thick resist layer. After weighing the SU-8 resist (together 
with the wafer), the initial solvent in 12 ml SU-8 2150 before soft baking was calculated 
according to its density1.238 g/ml and solids content 76.75% given in the resist data sheet 
(www.microchem.com). Then the resist was soft baked on hotplate at 95 ºC. During the 
baking process, the residual solvent was monitored by weighting the SU-8 resist. It took 
28 hours to make the solvent content in the resist fell below the 5% level, at which the 
resist is stiff enough for pattern the designed mirror structure. Since SU-8 resist has low 
viscosity at elevated temperature, the resist spread all over the wafer and resulted in a 
uniform SU-8 layer with thickness 1200 μm. The thick SU-8 layer was left on the 
hotplate overnight at room temperature to release the thermal stress inducted during soft 
baking.  
 
X-ray exposure was performed by using the Oxford Danfysik scanner in the LiMiNT 
cleanroom with exposure dose 957 mA.min./cm. During the scanning, a 13 μm thick 
kapton foil was placed between the mask and the SU-8 resist layer to absorber the 




fluorescence induced from the mask membrane, which may yield an icing-like film on 
the top of the resist.  
 
After the resist was post-exposure baked in an oven at 85 ºC for 3 hours, an overnight 
stay at room temperature was given to release the stress produced in x-ray irradiation and 
post exposure baking steps before it be developed. Then it was developed by immersion 
into 45 ºC SU-8 developer for 65 minutes with magnetic stirring. At completion of the 
development process, the resist structure was rinsed with IPA and blow-drying with 
nitrogen. Then the mirror structure was coated with gold film via e-beam evaporation to 
enhance its reflection capability. 
 
The fabricated lamellar multi-mirror structures are shown in Figure 5.7. Figure 5.7(a) is 
the SU-8 resist mirror structure and Figure 5.7(b) shows a SU-8 resist mirror structure 
coated with 100 nm gold film. The SEM image of the multi-mirror structure is given in 
Figure 5.8. The dimension of the mirror is 8000 µm × 100 µm × 1200 µm (L×W×H) and 

















Figure 5.7 Optical images of the lamellar multi-mirror structures fabricated via DXRL by 
using the graphite x-ray mask. (a) SU-8 resist mirror structure, (b) SU-8 resist mirror 
structure coated with 100 nm Au film. The dimension of the mirror is 8000 µm × 100 µm 








Figure 5.8 SEM images of the lamellar multi-mirror structure. (a) Top view of the mirror 




5.4.2 Fabrication of triangular mirrors via DXRL by using PBW x-ray mask 
An SU-8 triangular multi-mirror structure, used to evaluate the lithography quality of a 








The fabrication process and substrate for making the triangle mirror structure is the same 
as that for making the lamellar multi-mirror structure described in Section 5.4.1. 
Nevertheless, some processing parameters were adjusted according to characteristics of 
the PBW mask. The thickness of the SU-8 resist layer for making the mirrors is 120 μm. 
It was prepared on Si substrate by spin coating and soft baked on hotplate at 95 ºC for 
120 min. The x-ray exposure dose for this 120 μm SU-8 layer is 25 mA.min./cm. the 
post-exposure baking temperature and time are 85 ºC and 60 minutes. The structure 
developing time was about 22 minutes at room temperature. Since the dimension of the 
Si frame of the PBW x-ray mask is only 25 mm × 50 mm, a specifically manufactured 
adapter was to used to attach the mask to the standard mask holder NIST-ring. 100 nm 
Au film was deposited on the mirror structure by the same process for the lamellar multi-
mirror structure described in Section 5.4.1. 
 
Figure 5.9 shows the SEM image of the fabricated triangular multi-mirror structure made 
via DXRL by using the PBW x-ray mask. Figure 5.9(a) is the top view of the SU-8 
mirror structure, Figure 5.9(b) shows the close view of the 4 µm × 120 µm (W×H) ends 
of the mirrors, and Figure 5.9(d) is the enlarged view of the mirror structure. While 
Figure 5.9(c) shows some SU-8 pillars made together with the mirror structure, which 
may help us to have idea about the structure height. The dimension of the triangular 
mirrors is 4000 µm × 100 µm × 120 µm (L×W×H).  
 






Figure 5.9 SEM images of the triangular multi-mirror structure fabricated via DXRL by 
using the PBW x-ray mask. (a) Top view of the mirror structure, (b) close view of the 4 
µm × 120 µm (W×H) ends of the mirrors, (c) Ø50 µm × 120 µm pillars, and (d) enlarged 
view of the mirror structure. 
 
 
5.4.3 Fabrication of curved mirrors via optical lithography by using optical mask 
The SU-8 triangular multi-mirror structures with elliptical cylinder reflecting surface 
profile were fabricated via UV lithography by using the Cr optical mask. Fabrication of 
those mirrors also took the same process as that for the lamellar and triangular multi-
mirror structures via DXRL. However, the pattern of the SU-8 mirror structures was 
replicated via UV irradiation here.  
 
SU-8 layers with a thickness of 200 μm and 450 μm were prepared on two 4'' plasma 
cleaned Si wafers, and then soft baked on hotplate at 95 ºC for 2 hours and 5 hours, 




respectively. The UV exposures were carried out on Karl Suss Mask aligner MA8 at the 
Institute of Materials Research and Engineering (IMRE), Singapore. The exposure energy 
used for the structures with thickness of 200 μm and 450 μm are 378 mJ/cm2 and 432 
mJ/cm
2
, respectively. After post baking in oven at 85 ºC for 90 and 160 minutes, 
respectively, then the resists were developed by immersion into SU-8 Developer at 45 ºC. 
The developing time was 25 minutes for 200 μm structures and 38 minutes for 450 μm 
structures, respectively. 100 nm Au film was also coated on the mirror structure by the 





Figure 5.10 Images of the 450 μm thick triangular multi-mirror structure with elliptical 
cylinder reflecting surface profile. (a) The SU-8 multi-mirror structure, (b) optical image 
of the SU-8 multi-mirror structure coated with 100 nm Au film, (c) SEM image of the 
multi-mirror structure. The maximum width of the mirror walls is 350 µm. (d) SEM 
closed view of the 15 µm × 450 µm (W×H) ends of the mirrors. 
 




The fabricated 450 μm thick triangular multi-mirror structure with elliptical cylinder 
reflecting surface and with planar reflecting surface are shown in Figure 5.10 and 5.11, 
respectively.  The dimension of the triangular mirrors is 15000 µm × 450 µm (L×H) and 
the maximum mirror wall width is 350 µm for curved mirror structures and 615 µm for 






Figure 5.11 Images of the 450 μm thick triangular multi-mirror structure with planar 
reflecting surface profile. (a) The SU-8 multi-mirror structure, (b) optical image of the 
SU-8 multi-mirror structure coated with 100 nm Au film, (c) SEM image of the multi-
mirror structure. The maximum width of the mirror walls is 615 µm. (d) SEM closed 
view of the 15 µm × 450 µm (W×H) ends of the mirrors. 
 
 




Figure 5.12 shows the ends of the 200 µm and 450 µm thick elliptical mirror structures. It 
is clearly can be observed form the SEM images that the ends of the 450 µm thick 
mirrors were deformed, but the ends of the 200 µm thick mirrors were keeping in shape. 
Although each of those factors in the process of mirror making is likely to have an impact 
on the deformation, the most likely cause is their small width of the ends and higher 
aspect ratio of the 450 µm as the two thickness mirror structures were fabricated with 
same materials and through the same processes, only some parameters, such as exposure 
energy and developing time had been tailored according to the SU-8 resist layer thickness 
required. To avoid deformation of mirror ends, an optimal width may need to be found 




Figure 5.12 SEM images of the ends of the mirror structures. (a) the 15 µm × 200 µm 
(W×H) ends of the 200 µm thick curved mirrors, (b) 15 µm × 450 µm (W×H) ends of the 
450 µm thick curved mirrors.  
 
 
5.5 Reflection layer coating 
To enhance their reflection capability, the SU-8 mirror structures were coated with 100 
nm Au by using Edwards Auto306 E-beam Evaporation System in the centre cleanroom 
(a) (b) 




at IMRE. In deposition, electrons emitted from a tungsten filament and were focused into 
the crucible by magnetic forces. Au evaporant in the crucible was melted and vaporised 
by the heat of the electron beam, and the Au vapour travels outwards in all directions and 
condenses on the SU-8 structures and form the 100 nm Au film. The chamber was 
pumped down to 3.0 x 10
-6
 mbar and the substrate temp during evaporation was cooled 
below to 100
o
C. The deposition rate is 0.15 nm /s under 65 mA current applied. For 
growing a smooth and uniform Au film, the deposition rate variation need to be 
controlled. This Au film improves the reflection capability of the mirrors. The process 
parameters are listed in Table 5.4. 
 
   Table 5.4 Process parameters for 100 nm Au film deposition. 
Edwards Auto306 E-beam Evaporation System 
Pressure < 3.0 ×10
-6
 mbar 
Current  40 mA 
Temperature  < 100 
o
C 
Sweep  control on 
Waveform selector Sine wave 




The reflection capability of the multi- mirror structures was measured by high resolution 
x-ray specular reflectometry at grazing incidence angle in the x-ray demonstration and 
development (XDD) beamline at Singapore Synchrotron Light Source (SSLS). The 
diffractometer is the Huber 4-circle system 90000-0216/0, with high-precision 0.0001° 
step size for omega and two-theta circles. The storage ring, Helios 2, was running at 700 




MeV, typically stored electron beam current of 300 mA. In the measurement, the x-ray 
beam was conditioned to select CuK radiation, equivalent to 8.048 keV in photon energy, 
by a Si (111) channel-cut monochromator (CCM) and toroidal focusing mirror. A 
rectangular slit system confined the beam in a range of 0.9 mm in vertical and 3 mm in 
horizontal with a vertical divergence of about 0.01º. Another of 1 mm width aperture is 
placed at the detector and the reflected photons by the measured mirror counts to 0.5 
seconds for every step. Diffusion scattering backgrounds of off-set scans were measured 
at theta off-set angle of 0.2º in the same scanning range. The pure reflection was obtained 
by subtracting the diffuse scattering from the raw data.  
 
Two testing samples, that were cut from the same SU-8 triangular multi-mirror structure 
with one coated by 100 nm Au, were used in the reflection capability measurement. The 
reflection counts from the two sample surfaces are shown in Figure 5.13. This reflection 
counts is also called arbitrary reflectivity. For the two test SU-8 structures, the Au coated 
mirror has smoother reflection surface than uncoated one, and the critical angle for x-ray 
total external reflection from Au film is larger than that from the SU-8 resist surface. 
Therefore, the photon counts curve of the Au coated mirror is higher than that of the 
uncoated one over all measurement range as shown in Figure 5.13. However, the red 
curve of photon counts reflected from Au coated mirror is not smooth as the blue one due 
to the stress in the film induced during Au deposition, and/or due to different sampling 
areas, even though the two samples were cut from same SU-8 structure before one was 
coated. The results indicate that the high Z metal Au coating can enhance the reflectivity 
of the SU-8 resist mirror surfaces.  







Figure 5.13 Reflection counts measured by high resolution x-ray specular reflectometer at 




5.6 Roughness measurement  
The sidewall roughness of three fabricated multi-mirror structures were examined by 
utilizing scanning electron microscope (SEM), optical profiler (Wyko NT1100), and 
atomic force microscope (AFM). The combination of these measurement techniques 
provides qualitative and quantitative characterization of the reflection surface quality of 
those mirror structures. The measurement results are respectively shown in Figure 5.14, 
6.15, 6.16, and summarized in Table 5.5. 
 
The qualitative SEM inspection about the sidewall surface gives direct view of sidewall 
smoothness. It can be observed from Figure 5.14(a), there is scratch-like high roughness 
on sidewall of the lamellar multi-mirror structure. These striations are believed to be 
introduced by the high porosity of the 200µm thick graphite blanks of the intermediate 




and working x-ray masks during the mirror pattern transformations. The comparison of 
the SEM images shows that the sidewall of the triangular multi-mirror structure made via 
DXRL by using the PBW x-ray mask is the smoothest surface among the three mirror 
structures. 
 
Wyko offers a non-contact test based on static white light interferometry characterization 
of surface roughness. It provides data acquisition very fast with up to angstrom-level 
repeatability. The sidewall of the mirror structures were measured with the Wyko under 
the Phase-shifting interferometry (PSI) mode. The roughness was acquired by high-pass 
data filtering. Their 3-D graphic view of the sidewall surfaces with the quantitative 
measurement results are given in Figure 5.15.  
AFM gives the surface texture of three fabricated mirror structures with the roughness 
analysis results as shown in Figure 5.16. The AFM image in Figure 5.16(a) clearly shows 
the striations on the lamellar multi-mirror structure. It is obvious that the surface of the 

















Figure 5.14 SEM images of the sidewall of the fabricated multi-mirror structures. (a) SU-
8 lamellar multi-mirror structure fabricated via DXRL by using the graphite x-ray mask, 
(b) SU-8 triangular multi-mirror structure fabricated via DXRL by using the PBW x-ray 
mask, (c) SU-8 elliptical triangular multi-mirror structure fabricated via UV lithography 
by using the Cr optical mask. 
 





                    (a) 
 
                     (b) 
 
                      (c) 
 
Figure 5.15 3-D graphic view of the sidewall quality of the fabricated structures. (a) SU-8 
lamellar multi-mirror structure fabricated via DXRL by using the graphite x-ray mask, (b) 
SU-8 triangular multi-mirror structure fabricated via DXRL by using the PBW x-ray 
mask, (c) SU-8 elliptical triangular multi-mirror structure fabricated via UV lithography 
by using the Cr optical mask. 
 














Figure 5.16 AFM images of sidewall surface of the fabricated mirror structures. (a) SU-8 
lamellar multi-mirror structure fabricated via DXRL by using the graphite x-ray mask, (b) 
SU-8 triangular multi-mirror structure fabricated via DXRL by using the PBW x-ray 
mask, (c) SU-8 elliptical triangular multi-mirror structure fabricated via UV lithography 
by using the Cr optical mask. 

















      
SEM  Scratch Smooth Smooth Smooth 
      
Wyko Rq     71.08     1.32     3.18    0.20 
 Ra     36.04     0.97     0.64    0.12 
 Rt     3240.00     26.14     179.81    15.79 
      
AFM Rq     81.479     14.44     54.803    0.56 
 Ra     71.755     11.08     43.745    0.15 
 Rt     349.27     142.98     339.79    1.07 
      
 
 
Noted that the values of Ra, Rq and Rt obtained by AFM contains both waviness and 
roughness of their sampling surface. While the data acquired by Wyko are about the 
roughness of the sampling surface only, the waviness was removed by high-pass filter 
data processing. All measurement results agree with the rank of sidewall roughness: 
lamellar mirrors > elliptical triangular > triangular mirrors. Comparison of the sidewall 
roughness indicates that the SU-8 structure produced via DXRL by using the PBW x-ray 
has very high lateral resolution and smooth sidewalls as expected. Direct proton beam 
writing combined with electroplating provides a simple way to fabricate x-ray masks with 
high quality of the absorber edges and can subsequently produce high-aspect-ratio resist 
structures with very smooth sidewalls via DXRL. It is a very promising technique in 
fabrication of micro mirrors.  




The surface roughness of the mirror structures after Au coating was also measured. 
Figure 5.17 shows the sidewall surface text of the 100 nm Au coated SU-8 triangular 
multi-mirror structure as obtained via AFM. The AFM measurement revealed a 
roughness of 3.031 nm (RMS). While the RMS roughness of the lamellar multi-mirror 
structure and the elliptical triangular multi-mirror structure with 100 nm Au film, 
obtained via AFM, are 60.366 nm and 39.767 nm respectively. The comparisons of 
sidewall surface roughness of the three multi-mirror structures before and after 100 nm 
Au coating are given in Table 5.6. All mirror sidewall surfaces with 100 nm Au film have 




Figure 5.17 AFM images of sidewall surface of the SU-8 triangular multi-mirror structure 









Table 5.6 Sidewall roughness measurement results (RMS) of the multi-mirror structures 












     
SU-8 81.479 14.44 54.803 0.56 




5.7 Summary  
This chapter provides a detailed report on the fabrication techniques and processes used 
for fabricating three multi-mirror array prototypes designed based on the concept 
developed in Chapter 4.  
 
Here, three types of lithographic masks: graphite x-ray mask, PBW x-ray mask made by 
using direct proton beam writing technique and Cr optical mask have been made for 
producing high-aspect-ratio multi-mirror structures via DXRL. Within this scope, a 1.2 
mm tall simplified planar multi-mirror structure was made first via DXRL with the 
graphite x-ray mask with 45 μm thick Au absorber pattern in order to find out the optimal 
processing parameters to achieve higher quality mirror structure. By combining DXRL 
with PBW x-ray mask, a 120 μm thick triangular multi-mirror structure was fabricated to 
explore the potential application of proton beam writing technology in x-ray mask 
fabrication for producing high-aspect-ratio micro structures with very high lateral 
resolution and extremely smooth sidewall via DXRL. A 450 μm thick multi-mirror 




structure with elliptical cylinder sidewall profile was also produced via UV lithography. 
All SU-8 multi-mirror structures were coated with 100 nm Au film to improve their 
reflection capability. 
 
The arbitrary reflectivity of the mirror structures in x-ray range measured by high 
resolution x-ray specular reflectometer reveals that the reflection capability of the SU-8 
mirrors was enhanced by heavy metal Au film coating.  
 
A comparative study on the sidewall roughness of the mirrors was assessed using SEM, 
AFM, and optical profiler Wyko. The measurement results show that the high-aspect-
ratio SU-8 mirror structure fabricated via DXRL by using the PBW x-ray mask has very 
smooth sidewalls, and RMS roughness down to the 1.33 nm level has been achieved. This 
great enhancement is facilitated by the application of proton beam writing technique to 
directly generate multi-mirror pattern on the x-ray mask in one single step. There is no 
structural quality loss accompanying in pattern transfer step like other kinds of thick Au 
absorber pattern formation of x-ray masks. The exploration of the direct proton beam 
writing technique for x-ray mask fabrication offers a great potential for future 
applications in fabrication of high aspect ratio microstructures. 




Chapter 6 Characterization of Multi-Mirror Array 
 
6.1 Introduction 
This chapter deals with the characterization on optical performance of the multi-mirror 
array developed in previous chapters. First, focusing effect of a multi-mirror array is 
analysed using ray tracing technique with the optical design program ZEMAX. Second, 
the feasibility of x-ray beam focusing with a test multi-mirror device is experimentally 
demonstrated in synchrotron radiation beamline.  
 
6.2 Ray tracing  
Focusing effect of a multi-mirror array was analysed by ray tracing with program 
ZEMAX.  In the ray tracing presented in this thesis, two adjacent pairs of mirrors were 
extracted from a multi-mirror array to illustrate ray reflections on the mirrors as 
schematically shown in Figure 6.1. Assumed the mirrors were arranged symmetrically 
about the nominal x-ray beam axis. Parameters of each paired mirrors were identical. All 
mirrors had elliptical surface profile and their parameters are listed in Table 6.1. A big 
blocker was set at the center of the mirror array where more inner mirrors were supposed 
to be located. It was used to block the central part of incoming rays to show focusing 
action of the two pairs of the selected mirrors only. In addition, the front ends of the inner 
mirrors were also enlarged to block a small portion of rays between outer and inner 
mirrors, so that the focused rays from two mirror pairs can be easily identified.   
 






Figure 6.1 Schematic illustration of the multi-mirror array used in ray tracing. 
 
 
Table 6.1 Parameters of the mirrors used in ray tracing 
 Outer mirror Inner mirror Central blocker 
Surface profile Elliptical Elliptical flat 
Semi-major  5050.000 mm 5049.95 mm  
Semi-minor 26.176948 mm 12.6324  
Length  60 mm 60 mm  
Height  11 mm 11 mm 11 mm 
Front end size 1 mm 1.47 μm 4.19 mm 
Position from center 5.899 mm 2.935 mm  
 
 
In the optical setup given here, the rays travel from left to right as shown in Figure 6.2. 
The mirror array was positioned at 10 m away from the source and focused the beam to a 
plane 100 mm downstream from the mirrors. The grazing incidence angle for the outer 




mirrors and inner mirrors are 1.05 and 0.72, respectively. A detector was located at the 





Figure 6.2 Line focusing by multi mirrors with elliptical cylinder surface profile. The 




Figure 6.3 shows the incoming rays travelling through the mirrors. Focusing effect of the 
mirrors is shown in Figure 6.3(a), and the reflection action of the incoming rays on the 
mirrors is given in Figure 6.3(b). The central part of the incoming rays was back reflected 
by the blocker so that the beam reflection on each mirror can be observed clearly. In real 
multi-mirror focusing arrays, there are actually more pairs of inner mirrors standing at the 
blocker location and focusing the rays that they accept. It can be seen from this figure 
that some rays were reflected by the 1 mm front ends of the outer mirrors. Nevertheless, 
in practice, the front ends and back ends of mirrors are designed to be in small scale to 
minimize the ray flux loss caused by the back reflection at mirror ends as discussed in 
Chapter 4. The 1 mm end size used in the ray tracing here is for separating the rays 
intercepted and reflected by inner mirrors from that by outer mirrors to give a clear view 
about the focusing action of individual mirrors, and also for giving a better view about 
the back reflection at front ends of the mirrors in a multi-mirror array.     







Figure 6.3 X-rays traveling through a multi-mirror array. (a) Focusing effect of traced x-
rays, (b) close view of the reflection action of the incoming rays on the mirrors. 
 
 
Figure 6.4 gives top view of focusing action of the multi-mirror array together with a 
magnified view of horizontal plot of the focused beam at detector location. It is noted that 
the focus of the outer mirror pair fell at different position from that of the inner mirror 
pair with a distance of 0.5 μm in between. This error was considered being caused by the 
input error of the mirror figure.  






Figure 6.4 Focusing action of the multi-mirror array. (a) Top view of the focusing action 




The focal line image on the detector and the contour of its intensity profile are given in 
Figure 6.5 and Figure 6.6, respectively. It can be observed clearly from the magnified 
view of the focal line image shown in Figure 6.5(b), horizontal width of the focal line 
falls into one pixel cross of the detector, which is 0.1 μm for the one used in the present 
ray tracing. This means that the width of the focal line produced by the multi-mirror array 
is not larger than 0.1 μm. The intensity profile shown in Figure 6.6 indicates that the total 
power of the focal line is 0.306 W out of 1 W input. As the ratio of the geometric area of 
the total simulation aperture to the incoming beam size is about 39.5%, focusing 
efficiency of the multi-mirror array is estimated about 77.5%. It is much higher than that 




of the SINS mirrors, lower than 20%, and of MCP or MOA, about 20% to 40% 
calculated in their ideal situation. 
 
 
Figure 6.5 Focal line image on the detector. (a) The full width of the focal line on the 






Figure 6.6 Focal line intensity profile on the detector. 
 




6.3  Focusing  performance  of  multi-mirror array  in  synchrotron 
beamline 
Focusing performance of the developed multi-mirror array was realized on the Electron 
and Photon Diagnostics (EPD) beamline at SSLS. The EPD beamline was chosen 
because there is no any mirror or lens installed along its beam transport path so it features 
an unperturbed white beam of hard X-rays with an energy range of about 4 - 12 KeV and 
a cross-section of 20×8 mm
2





Figure 6.7 Layout of EPD beamline at SSLS. X-rays radiated by the relativistic electrons 
circulating in the Helios-2 storage ring travel through the power shutter, gate valve, 
gamma-shutter, and then exist from the Be-Window into the experiment hutch as 
indicated in Blue. 
 
 
As the layout of EPD beamline showing in Figure 6.7, the EPD beamline comprises of 2 
groups separated by the concrete radiation shield wall. The group behind the wall 
includes the power shutter, gate valve and gamma shutter, and it directly connects to 
Dipole 1 of Helios-2. The group outside the wall contains the experiment hutch and the 
optical table for setting test sample, detector and other optical elements. The 500 µm 




thick beryllium window (Be-Window) located in the experimental hutch separates the 
high vacuum from the atmospheric pressure outside the beam tube. From the source point, 
the x-ray beam travels through about 5.8 meters of ultrahigh vacuum, and then 
continuously travels, through the beryllium window, about 2 meters in atmosphere before 
reaching sample and detector.  
 
In practical synchrotron radiation source, optical beam modulation elements, such as 
focusing mirrors and monochromators, usually work with a set of specific controlling and 
cooling systems in vacuum environment. However, designing and building such cooling 
and controlling systems, as well as vacuum chamber for the SU-8 multi-mirror arrays 
fabricated in Chapter 5 are beyond the scope of this thesis project. Therefore, the multi-
mirror focusing device used in this experiment is an especially constructed thin glass 
mirror array as shown in Figure 6.8. All measurements and experiments were taken with 




Figure 6.8 Thin glass multi-mirror device used in x-ray beam focusing experiment. 




This mirror array was made by 28 pieces of 150 μm thick bendable glass sheets with their 
one side coated with 500 nm gold reflection layer deposited via e-beam evaporation 
process. A picture of the thin glass sheets is given in Figure 6.9(a). The physical size of a 
single piece of glass is 20×40 mm
2
. The rms roughness of Au coated mirror surfaces is 
about 0.68 nm measured by AFM. 
 
This multi-mirror focusing device was designed with the procedure and functions 
presented in Chapter 4, and it was able to focus the x-ray beam in horizontal only. The 
reflection surface profile of thin glass mirrors were bent to elliptical approximations 
using two pieces of Si slits as shown in Figure 6.9(b), which were fabricated via deep 
reactive ion etching (DRIE) and reactive ion etching (RIE) techniques. Those slits are 
arranged symmetrically with respected to the centre line of the device, and each slit has 
its own position, inclination and curvature, so that the position, inclination and surface 
profile of each individual glass mirror are confined by the Si slits. In the device, two 
pieces of such Si slits, together with two aluminium frames, work together to mount all 
thin mirrors with their reflection surfaces perpendicular to the base as illustrated in Figure 
6.9(c). A small piece of Au coated glass stands at the centre of the array to block the 
incoming x-rays passing undeflected through the centre part of the multi-mirror device to 
ensure all rays arrived at image plane are those reflected by the thin glass mirrors. The 
effective reflection surface of individual mirror is 13 mm vertically × 40 mm horizontally 
and the total horizontal acceptance aperture of the whole mirror array is about 25 mm, so 
the device is able to fully intercept whole radiation beam. The detail description about the 
construction of this Au coated thin glass multi-mirror focusing device is given in 









Figure 6.9 Schematic illustration of the Au coated thin glass multi-mirror device 
construction: (a) the bendable thin glass sheet without/with Au reflection film coated; (b) 
the 500 μm thick Si Slits, (c) schematic illustration of the multi-mirror device assembly, 
and (d) the multi-mirror device with half set of thin glass mirrors assembled.  
 
 
The feasibility of multi-mirror array is demonstrated with the Au coated thin glass multi-
mirror device described above in EPD beamline. The experimental setup is illustrated in 
Figure 6.10.  
 
 







Figure 6.10 Setup of the thin glass multi-mirror device at EPD beamline with an image 






In the hutch of EPD beamline, the thin glass multi-mirror device was set on top of the 
mount on the optical table and located about 985 mm from the beam exit Be-Window. 
The total aperture of the mirror device enveloped the full beam and could be moved into 
and out of the beam path. An image plate, with a piece of x-ray sensitive paper sticked on 
it, was placed about 365 mm from the mirror device. Its position was adjusted so the x-
ray sensitive paper was in the focal plane of the mirrors. The approximated path of x-rays 
from the Be-window, through the mirrors, to the image plate is indicated by the blue line. 
The mirrors had a source distance of about 6785 mm with a focus distance of 365 mm.  
The diagram of optical arrangement of the experiment setup is given in Figure 6.11.  




Because no real-time x-ray area detector was available for the thesis project, the position 
of the multi-mirror device in the beamline was controlled by imaging the beam focus at 
the x-ray sensitive paper on image plate when aligning the device at different locations. 
Observation and measurement of the beam images were then made to seek the position 





Figure 6.11 Diagram of optical arrangement of the experiment. Source distance and focus 
distance of the multi-mirror device are about 6785 mm and 365 mm, respectively. 
 
 
In the experiment, the electron beam current circulating in the Helios-2 storage ring was 
185 mA. The x-ray beam exposure was controlled by a particular switch which was 
interconnected with the gamma shutter in EPD beamline.  The images of the unfocused 
beam and the focused beam at image plane were obtained by opening the shutter for 3 
minutes before and after the thin glass multi-mirror device was inserted into the beam 
path. The pictures of both images on the x-ray sensitive papers and the close view of the 
two beam images are given in Figure 6.12 and Figure 6.13, respectively.  





Figure 6.12 Pictures of x-ray beam images at the image plane. (a) Image of the beam 
without focusing mirror as it comes from the Be-Window, and (b) image of the beam 
when focused by the thin glass multi-mirror device. Exposure time for both images was 3 




(a)                                         (b)                                         (c) 
Figure 6.13 Enlarged views of the x-ray beam images at the image plane. (a) Image of the 
beam without focusing mirror as it comes from the Be-Window, (b) image of the beam 
when focused by the thin glass multi-mirror device, and (c) image of the beam when 
focused by the thin glass multi-mirror device after individual mirror adjusted for better 




The focusing effect of the thin glass multi-mirror device can be clearly seen by 
comparing the focused and unfocused beam images obtained at same image plane. The 
focused beam size was obtained by measuring the width of the narrow dark line image on 




the x-ray sensitive paper as shown in Figure 6.13(b). It is about 0.68 mm for the x-rays 
focused by using the multi-mirror device in EPD beamline. While the unfocused beam 
size at the same image plane is about 23.5 mm in horizontal, which was measured from 
the image shown in Figure 6.13(a).  Focused beam size, in principle, could be much 
smaller than the value obtained in this experiment if the surface figure errors of all 
individual mirrors in small level and all mirrors are aligned properly. 
 
In figure 6.13(b), a large background is obviously observed on the image paper. This 
background is believed to arise from the x-rays that pass through the multi-mirrors device 
without being reflected. In the experiment, even though whole incoming x-ray beam was 
fully intercepted by the multi-mirror device, some of the rays arrived at the thin glass 
mirrors with their grazing incidence beyond critical angle for total external reflection due 
to alignment error of the mirrors. Those rays passed through the thin glass mirrors and 
formed a faint unfocused beam image on the beam focal plane as a background for the 
focused beam image. To eliminate this background, all individual mirrors must be 
aligned properly to ensure incoming x-rays enter the mirrors at their angle of incidence 
less than the critical incidence. Figure 6.13(c) gives the beam image focused by the thin 
glass multi-mirror device after every single mirror adjusted for better focusing effect. It 
can be observed that the background was reduced when the mirrors was aligned more 
properly.  
 
Intensity distributions of the x-ray beams at image plane are shown in Figure 6.14. It is 
clear from the figure that the photons in the unfocused beam distribute uniformly in the 




whole beam transverse area, while the photons in the multi-mirror device focused beam 
are accumulated in the range of a narrow vertical line. The flux in the focused beam peak 
can be estimated from the colour scale bar, which is about 1.5 times as that in same area 







Figure 6.14 Intensity distributions of the x-ray beams at the image plane. (a) Image of the 
beam without focusing mirror as it comes from the Be-Window, and (b) image of the 
beam when focused by the thin glass multi-mirror device. Exposure time for both images 
was 3 minutes. The beam current was 185 mA. 
 




By making a comparison about x-ray beam images and photon distribution in the x-ray 
beams before and after it was focused, the focusing effect of the thin glass multi-mirror 
device has been validated.    
 
6.4 Summary 
In chapter 6 the design concept and working principle of the multi-mirror focusing array 
developed in chapter 4 of this thesis was validated by ray tracing analysis and x-rays 
focusing performance in synchrotron beamline.  
 
The ray tracing results of x-ray beam through a multi-mirror array were shown and 
analysis of the focusing effect of the mirror array was presented. The ZEMAX ray tracing 
reveals that the focusing efficiency of the simulation multi-mirror array is about 77.5% 
for symmetrically aligned mirrors about the beam line.  
 
A testing setup of x-ray beam focusing with a multi-mirror device was presented. The x-
ray beam focusing experiment by using a test multi-mirror device, which was designed 
with the concept and procedure developed in this thesis and constructed of gold coated 
thin glasses, was performed in EPD beamline at SSLS. The experimental results 
demonstrate the feasibility of x-ray beam focusing with a multi-mirror array. 
 
 




Chapter 7 Conclusion 
 
A multi-mirror focusing scheme to condense synchrotron radiation beam was developed 
in this thesis. The design of the x-ray focusing optic is based on the advanced 
microfabrication techniques and the study of the distribution of synchrotron photons in 
phase space. The conclusions for the design, fabrication and characterization are 
summarized in sequence below. An outlook to future work will be given at the end of this 
chapter.  
 
The distribution of synchrotron radiations was studied with phase space method. Based 
on this study, a mathematical model has been built to quantitatively represent a 
synchrotron radiation source with taking into account of all three main factors that have 
effects on the synchrotron emission, such as the distribution of the relativistic electron 
beam, the source size due to the curvature of the electron beam, and the opening angle of 
the photons from a single electron. The conception in principle of this model is of 
projecting all the local photon phase space ellipses, which describe the distribution of 
photons emitted at every emission point over an extended synchrotron source, onto a 
hypothetical plane defined for representing the actual source. Using this mathematical 
model, together with the transformation equations given in the present thesis, a 
synchrotron source and radiated x-ray beam at any location along its transport line can be 
rigorously described in terms of the position and direction of the photons in the beam, 
which are the data being necessary for design and optimization of a multi-mirror focusing 
array. 




A multi-mirror array was developed to condense the x-ray beam emitted from 
synchrotron radiation source. Different from the conventional beam condensers used in 
existing synchrotron beamline, this x-ray focusing device consists of a group of small 
mirrors. These small mirrors split a wide x-ray beam into many small beamlets, and each 
mirror captures and reflects a small beamlet of the x-rays. The whole beam is intercepted 
and focused to a common focus portion by portion. The position, inclination and 
curvature of each individual mirror in such a focusing device are determined by using the 
design procedure and functions developed in this thesis. All mirrors work in the principle 
of x-ray total external reflection to produce a bright x-ray with high flux throughput and 
small beam size. 
 
The design procedure and the analytical expressions of the parameters of each individual 
mirror in the mirror array have been developed according to the specific characteristics of 
photon emission in synchrotron source. The design procedure includes three steps: (1) 
representing x-ray beam at the location of multi-mirror array in beamline by using the 
mathematical model and the transformation equations presented in Chapter 3; (2) 
preliminary calculating the approximate position of mirrors in the multi-mirror array to 
find out the maximum and minimum angular divergences of each small x-ray beamlet at 
every individual mirror from the phase space representation of the beam; (3) determining 
the parameters of all individual mirrors in terms of their position, inclination and 
curvature to effectively collect and focus the x-ray beam. 
 




Although the multi-mirror array was developed on the study of the specific bending 
magnet- based synchrotron sources, the design concept and procedure of this x-ray 
focusing array are general and need only to be adjusted based on the actual parameters of 
the source under consideration. 
 
Two types of x-ray lithography masks: graphite x-ray mask and proton beam writing x-
ray mask were fabricated and used to make high-aspect-ratio SU-8 multi-mirror 
structures via deep x-ray lithography. The sidewall quality of those fabricated mirror 
structures has been characterized in terms of their surface roughness and x-ray reflectivity. 
The measurement results indicate that the PBW x-ray mask has the capability to produce 
high-aspect-ratio structure with high lateral resolution and very smooth sidewall. This 
great enhancement is facilitated by the application of proton beam writing technique to 
directly generate multi-mirror pattern on the x-ray mask in one single step. There is no 
structural quality loss accompanying in pattern transfer step like other kinds of thick Au 
absorber pattern formation of x-ray masks.  The exploration of the direct proton beam 
writing technique for x-ray mask fabrication in this thesis offers a great potential for 
future applications in fabrication of high aspect ratio microstructures. The x-ray 
reflectivity of the SU-8 mirror structures examined by high resolution x-ray specular 
reflectometer reveals that the reflection capability of the SU-8 mirrors can be enhanced 
by heavy metal Au film coating. 
 
The design concept and working principle of the developed multi-mirror focusing array 
was validated by ray tracing analysis and x-rays focusing performance in synchrotron 




beamline. The ZEMAX ray tracing results reveal that the focusing efficiency of the 
simulation multi-mirror array is about 77.5% for symmetrically aligned mirrors about the 
beam line. A test multi-mirror focusing device was designed with the concept and 
procedure developed in this thesis and constructed of a stack of thin bendable glass sheets 
with gold reflection layer coating. The feasibility of x-ray beam focusing by a multi-
mirror array was demonstrated by the in-situ x-ray beam focusing experiment performed 
with the test multi-mirror device in EPD beamline at SSLS. 
 
The multi-mirror focusing array developed in this dissertation provides a cost-effective 
means to produce a bright x-ray beam that substantially improves the capture of x-ray 
flux in the beamline and the matching of the beam to the sample as compared with 
conventional x-ray condensing and collimating elements. In future work, the use of 
systems consisting of more than one multi-mirror array may be explored to achieve 
stronger deflections and shorter optical distances. Furthermore, the underlying principle 
of designing and manufacturing such multi-mirror x-ray optical devices may be 
generalized to devices that enable slicing and tailoring the emittance contour in phase 
space within the limits set by the angle of total reflection and Liouville’s theorem. Such a 
capability may spur various new developments including beam expanders/reducers, 
multiple line foci, and multiple parallel beams that may be first concrete steps into the 
new field of emittance slicing and shaping. Moreover, with LIGA technology and the 
facilities attached with Lithography for Micro- and Nano Technology (LiMiNT) 
beamline at SSLS, research work in batch production of polymer base optical elements 
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Appendix 1   X-ray Total External Reflection 
 
When x-ray enters to a matter from a different matter, its propagating direction is 
changed due to the different refractive index of the difference between the two matters. 
X-ray is both reflected and refracted. Its refractive angle is determined by Snell’s Law. 
For grazing incidence rays with angle θ     
 
                                             coscos 0




Figure A1.1 Schematic illustration of x-ray reflection 
 
Nearly 100% specular reflectivity occurs when the grazing incident angle θ is below a so-
called critical angle θc. This phenomenon is call total external reflection, which is 
equivalent to total internal reflection at visible wavelengths.  
the critical angle θc for total external reflection depends both on the material and the 






                                                    2c                                         (A1.2) 
Where δ is the refractive index decrement is in the order of 10-4~10-6.  So the value of θc 
is typically 1~14 mrad for hard x-rays.  Heavy Z material coating can offer a bigger θc 
and allows mirrors to reflect x-rays at greater angle. With total external reflection mirrors, 
x-rays are specularly reflected from ultra smooth surfaces. However, as the incident angle 
of ray is increased past the critical angle, the reflectivity decreases rapidly, while the 
penetration depth increases. The reflectivity at normal incidence is very low, high 



















Appendix 2   Helios 2 and Beamlines Layout at SSLS 
 




























4 . Helios-2 Parameters 
 
Table A2.1 Helios-2 parameters 
Parameter  Unit Value 
Electron Energy MeV 700 
Magnetic Field T 4.5 
Charateristic photon energy keV 1.47 
Charateristic photon wavelength nm 0.845 
Current (typical) mA 350 
Circumference m 10.8 
Lifetime h >10 
Emittance µmrad 0.5 
Source diameter horizontal mm 1.45-0.58 
Source diameter vertical mm 0.33-0.38 
Number of beam ports   20 + 1 





Appendix 3 Characteristics of Synchrotron Radiation 
 
In general, the synchrotron radiation is characterized in the terms of spectral range, 
photon flux, photon flux density, and brilliance. The photon flux is the overall flux 
collected by an experiment and reaching the sample, the photon flux density is the flux 
per area at the sample and the brilliance is the flux per area and opening angle. Many 
researchers have established the theory of synchrotron radiation. Today most of the 
calculations are using the results of the Schwinger theory (Schwinger, 1949).  
 
A relativistic electron moving around an accelerating orbit emits a radiation is shown in 
Figure A3.1 (Abdelwahab et al., 2003). 
 
Figure A3.1. Characteristics of the synchrotron radiation emitted by a relativistic electron 





The shape and intensity within the radiation cone according to the Schwinger Theory is 
given by 
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where: 
Φ  = photon flux (number of photons per second). 
Θ  =  observation angle in the horizontal plane. 
ψ  = observation angle in the vertical plane. 
α  = fine structure constant = 1/137. 
γ  = 2
0
cmE  
m0 = rest mass of an electron. 
c  =  velocity of light in vacuum. 
E =  the electron energy. 
ω =  angular frequency of photons. 
I  =  beam current. 
e  = electron charge = 1910601.1  coulomb. 
y  = 
cc
  .  
ωc = critical frequency =  2/33 c  . 
Ec = critical photon energy =  2/33hc . 
ρ  =  radius of instantaneous curvature of electron trajectory, 
        ρ= ecBE in practical units, ρ(m) = )//()/(3356.3 TBGeVE . 
c = speed of light, c = 2.9979×108 m/s. 









X = γ ψ , normalized angle in the vertical plane. 
ξ = 2/2/3)21( Xy  . 
 
The subscripted K’s in equation (A3.1) are modified Bessel functions of the second kind. 
The polarization is given by the two terms within the square brackets. Equation (A3.1) is 
the basic formula for the calculation of the characteristics of synchrotron radiation.  
 
Photon flux 
The photon flux of the synchrotron radiation from the bending magnet is given by 
integrating equation (A3.1) over the whole opening angle. In the horizontal plane the 
emitted cone is constant and therefore the photon flux is proportional to the accepted 


























     (A3.2) 
 
According to Equation (A3.2), the photon flux is proportional to the beam current, energy 











 which depends only from the critical photon energy. 
The photon fluxes emitted within the bending magnet of the Helios 2 at SSLS from the 




























Figure A3.2. The photon flux emitted within the bending magnet of Helios-2 from 




Photon flux intensity 
The intensity of the synchrotron radiation in the middle of the radiation cone, θ = 0 and  

























            (A3.3)  
Because the radiation cone is getting narrower with higher energy, the central intensity is 
proportional the square of the energy.  
The photon fluxes density emitted within the bending magnet of the Helios 2 at SSLS 


































Figure A3.3. The photon flux density emitted within the bending magnet of Helios-2 





The brilliance of the synchrotron radiation from a bending magnet is given by  
 
 
          

























                           (A3.4) 
 
where: 
εx   is the electron beam emittance in the horizontal plane. 
εy   is the electron beam emittance in the vertical plane. 
βx  is the electron beam beta function in the horizontal plane. 
βy  is the electron beam beta function in the vertical plane. 
ηy  is the dispersion function in the horizontal plane. 
σE  is the rms value of the relative energy spread. 





σψ  is the rms value of the radiation opening angle. 
σr  is the diffraction limited source size. 
 
The brilliance of the synchrotron radiation emitted within the bending magnets of the 
Helios 2 at SSLS for different energies are presented in Figure A3.4. 
 
Figure A3.4. The brilliance of the synchrotron radiation emitted within the bending 













































Appendix 4 Fabrication of the Cr Optical Mask 
 
The fabrication of the Cr optical mask starts with a Computer Aided Design drawing of 
the layout of a multi-mirror structure to be made. Then the drawing is translated into the 
compatible input format of the optical pattern generator DWL 66 direct-write laser 
system (Heidelberg Instruments) to pattern 5", 2.286 mm thick soda-lime glass mask 
blanks, which is coated with 800 Å of sputtered chrome and 0.5 μm resist AZ1518. After 
the mask blank has been patterned it is developed in AZ developer, and then the chrome 
is etched by a liquid phase chrome etchant. The remaining resist is stripped and the 
resulting optical mask is cleaned and dried. The fabrication process flow of this optical 
lithography mask is schematically shown in Table A4.1, and the optical image of the Cr 






Figure A4.1 Optical images of the 5'' Cr optical mask. There are few different multi-








    
Table A4.1 Fabrication process flow of the Cr optical mask. 
 
 








2. the AZ resist is developed to form the 







3. Cr layer is etched. Pattern is 






4. Remaining AZ resist is removed. A 
































Appendix 5 Thin Glass Multi-Mirror Device 
 
The thin glass multi-mirror focusing device used in x-ray beam focusing experiment in 
Chapter 6 of this thesis is constructed with a thin glass mirror array mounted with two 








The multi-mirror array consists of 28 pieces of bendable thin glass sheets with their one 
side coated with 500 nm gold reflection layer deposited via e-beam evaporation process. 
A picture of the thin glass sheets is given in Figure A5.2. The physical size of a single 
piece of glass is 20×40 mm
2
. The thickness of the glass sheets is 150 μm. The roughness 
of Au coated surfaces is about 0.68 nm (rms) measured by AFM. The layout of the multi-
mirror array is given in Figure A5.3, and the position, inclination and surface profile of 






















Table A5.1 Parameter of the thin glass mirror array (half set). 
Mirror Position from 
 center H (mm) 
Inclination angle  
ω (°) 
Elliptical Surface profile 
Semi-major(mm) Semi-minor(mm) 
1 12.000 0.891 3570.104 27.237 
2 11.101 0.824 3570.089 25.197 
3 10.261 0.762 3570.076 23.291 
4 9.470 0.703 3570.064 21.498 
5 8.685 0.645 3570.055 19.712 
6 7.985 0.593 3570.046 18.125 
7 7.324 0.544 3570.039 16.626 
8 6.702 0.498 3570.032 15.214 
9 6.116 0.454 3570.027 13.88 
10 5.564 0.423 3570.022 12.914 
11 5.044 0.375 3570.018 11.449 
12 4.553 0.338 3570.015 10.336 
13 4.091 0.319 3570.012 9.964 




A group of 151 μm × 40 mm slits are made in a piece of 36mm × 54mm silicon wafer as 
shown in Figure A5.4. Those slits have their layout same as that of the thin glass multi-
mirror array, and they are arranged symmetrically with respected to the centre line of the 








Figure A5.4 A group of 151 μm × 40 mm slits in a piece of 36 mm × 54 mm silicon 





The Si slits are made with 500 μm thick P-type <100> silicon wafer via using Oxford 
Plasma 100 DRIE/ICP system and Oxford Plasma 80 RIE system of Institute of Materials 
Research and Engineering (IMRE). The main processing steps for fabricating the slits 
include 200 nm SiO2 film growth via PECVD, 16 μm AZ resist slits pattern formation via 
UV lithography, SiO2 hard mask pattern via RIE, 500 μm Si slits etching via DRIE and 












Table A5.2  Process flow for the Si slits fabrication. 
 
1. Process starts from a single side polished 500 







2. Deposition of 0.2 μm SiO2 via Plasma 









3. 16 μm  AZ 9260 photoresist spinning coated 
on top of SiO2 and pre-exposure baked on 
hotplate at 110 ºC for 3 min.  
 
 













5. AZ resist developed to form the AZ mask for 








6. 0.2 μm SiO2 etched via Reactive Ion Etching 





















7. 490 μm Si etched via Deep Reactive Ion 
Etching (DRIE) to form the slits. 
 
 









8. Remaining Si etched completely via Reactive 
Ion Etching (RIE) to form the Slits. 
 
 

















Assembly of the multi-mirror device 
 
28 pieces of 20 mm × 40 mm Au coated thin glass mirrors and a small piece of 7.45 mm 
× 20 mm centre blocker are inserted through two identical pieces of Si slits. The 
reflection surface profile of those glass mirrors are bent to elliptical approximations by 
the slits. The position and inclination are also confined by the slits. The mirrors and the Si 





Figure A5.5 and Figure A5.6.  the frames and base are machined according the drawing s 
given in Figure A5.7 and A5.8. 
 
The effective reflection surface of individual mirror is 13 mm vertically × 40 mm 
horizontally and the total horizontal acceptance aperture of the whole mirror array is 
about 25 mm, so the device is able to fully intercept whole radiation beam.  
 
 
Figure A5.5 Schematic illustration of the multi-mirror device assembly. 
 
 

















Figure A5.8  Machining drawing of the aluminium base. 
